Population dynamics and pathogens of the invasive yellow crazy ant (Anoplolepis gracilipes) in Arnhem Land, Australia by Cooling, Meghan Dawn
 Population dynamics and pathogens of the invasive 
yellow crazy ant (Anoplolepis gracilipes) in Arnhem 
Land, Australia 
 
by 
Meghan Dawn Cooling 
 
A thesis submitted to  
Victoria University of Wellington 
in fulfillment of the requirements for the degree of  
Doctor of Philosophy 
in Ecology and Biodiversity  
 
 
Victoria University of Wellington 
Te Whare Wānanga o te Ūpoko o te Ika a Māui 
2015

  
 
 
This thesis was conducted under the supervision of 
Professor Phil J. Lester (primary supervisor) 
Victoria University of Wellington 
Wellington, New Zealand 
 
and 
 
 
Dr. Benjamin D. Hoffmann (secondary supervisor) 
CSIRO Land and Water Flagship, Tropical Ecosystems Research Centre 
Winnellie, Northern Territory, Australia
 i 
 
 Abstract 
Though many populations of introduced species have been observed to collapse, the 
reasons behind these declines are seldom investigated. Anoplolepis gracilipes is 
considered among one of the top six most economically and ecologically damaging 
invasive ant species in the world. However, introduced populations of A. gracilipes 
have been observed to decline. My overall aims in this thesis were to document A. 
gracilipes population declines, to investigate the possibility that pathogens were 
playing a role in the observed population declines, and to identify putative pathogens 
infecting A. gracilipes as potential candidates for biocontrol agents.  
 
I documented the observed A. gracilipes population declines that were the driving 
force for this project. I detailed large-scale reductions in the spatial extent of four 
populations with before and after survey data. I also presented data on three 
populations that were recorded as present, but disappeared before they could be 
spatially delimited. I speculated on the possible reasons for these declines and 
explained why I do not think other explanations are likely. I then investigated the 
hypothesis that a pathogen or parasite is affecting A. gracilipes queens in declining 
Arnhem Land populations. I did this in three ways: 1) based on preliminary findings, I 
looked at the effect of an artificial fungal infection on A. gracilipes reproduction. I 
compared reproductive output between control colonies and those treated with either a 
fungal entomopathogen (Metarhizium anisopliae) or fungicidal antibiotics. There was 
no correlation between either treatment and the number of eggs, larvae, pupae or 
males a colony produced after 70 days. I found queen number had no effect on colony 
reproductive output, suggesting that queens are able to adjust their egg-laying rate in 
the presence of other queens. I found no evidence that M. anisopliae affected 
reproductive output at the tested concentrations; 2) I explored the hypothesis that a 
pathogen that kills or affects the reproductive output of A. gracilipes queens is the 
mechanism or reason behind the population declines. I measured queen number per 
nest, egg-laying rate, fecundity and fat content and compared them between sites in 
different stages of decline or expansion (population types, consisting of low, medium 
and high-density populations). I discovered that 23% of queens had melanized 
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nodules, a cellular immune response in insects, in their ovaries or fat bodies. The 
presence of nodules was correlated with a 22% decrease in the number of oocytes per 
ovary; however, nodule presence was not associated with population type, suggesting 
that though there are clearly pathogens or parasites capable of penetrating the cuticle 
of A. gracilipes, they are unlikely to be responsible for the observed population 
declines; 3) I compared microbial communities (bacteria and viruses) between queens 
from different population types. I found viral sequences that match to the 
Dicistroviridae family of viruses in low and medium-density populations. I found no 
differences in bacterial community structure between population types. The presence 
of sequences similar to the entomopathogens Rhabdochlamydia and Serratia 
marcescens, as well as the reproductive parasite Cardinium in A. gracilipes, deserves 
further investigation. 
 
Though introduced species’ populations have been observed to decline, this is one of 
the first studies to quantitatively examine, document, and investigate a mechanism 
behind such a decline. Understanding the mechanisms by which an invader declines 
may have important implications for invasive ant management worldwide.
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Chapter 1: General Introduction 
 
1.1. Invasive species 
Invasive species are non-native and potentially harmful organisms that are major drivers 
of global environmental change (Vitousek et al. 1997). These species threaten native 
species and ecosystem functioning all over the world, as well as having significant 
economic impacts in their new regions (Lockwood et al. 2009). Invasive species may 
change ecosystem functioning by displacing other species through predation or 
competition (Christian 2001; O’Dowd et al. 2003). However, the vast majority of 
introduced species do not become invasive. Most fail to establish, and of those that do, 
many may become innocuous members of their new community (Lockwood et al. 2009). 
Only a small minority of introduced species go on to become invasive. In this thesis when 
I refer to an “invasive” species I refer to a species that has fulfilled all of the following 
three criteria (Lockwood et al. 2009): 1) the species has been transported by human 
means (either purposefully or accidentally) from it’s native range to a new geographic 
location where it does not naturally occur; 2) it has established a viable, self-sustaining 
population and become widespread and abundant in this new range; 3) it has 
demonstrably caused extensive ecological and or economic harm.   
 
Introduced ant species are often particularly successful invaders (Holway et al. 2002), as 
exemplified by the presence of five species of ant on the “100 of the world’s worst 
invasive alien species list” (Lowe et al. 2000). The most widely-established, ecologically 
and economically damaging invasive ant species share a number of characteristics that 
are thought to aid in their success. They are often polygynous, with multiple queens per 
colony, which increases reproductive output and leads to larger colony size (Tsutsui and 
Suarez 2003). Colony reproduction often occurs by budding, where queens do not 
participate in mating flights; instead they walk away from their natal nest with a small 
group of workers and establish new colonies nearby. Furthermore, invasive ants are often 
closely associated with anthropogenic disturbance, enabling dispersal by humans rapidly 
and easily (Passera 1994; Holway et al. 2002). Polygyny and budding both increase the 
chances of these ants being spread to new locations by humans because colony fragments 
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are more likely to have an impregnated queen in them (Tsutsui and Suarez 2003). 
Perhaps most important to the success of invasive ants is that they are usually 
unicolonial, meaning there is no intraspecific aggression between workers of different 
colonies. Thus, energy that would have been spent defending territorial boundaries can be 
used for foraging and reproduction (Thomas et al. 2006). These traits often lead to 
invasive ants forming massive supercolonies (a polydomous colony with high nest 
density and an expansive spatial scale such that worker exchange between all parts of the 
colony is unlikely), with enormous numbers of workers. This supercolonial behaviour has 
been observed in the Argentine ant (Linepithema humile), the little fire ant (Wasmannia 
auropunctata), the big-headed ant (Pheidole megacephala) and the yellow crazy ant 
(Anoplolepis gracilipes), to name a few (Errard et al. 2005; Holway et al. 2002; Tsutsui 
and Suarez 2003). However, declines of invasive ant populations have been recorded 
(Cooling et al. 2012; Cooling and Hoffmann 2015; Gruber et al. 2012a; Haines and 
Haines 1978).  
 
1.2. Study system: The yellow crazy ant in Arnhem Land, Australia 
The yellow crazy ant, Anoplolepis gracilipes, is considered one of the world’s worst 
invasive species due to the ecological and economic harm it has done where it occurs 
(Lowe et al. 2000; Haines and Haines 1978; Hill et al. 2003; Holway et al. 2002; 
O’Dowd et al. 2003). Though its native range is unknown, it has been long established in 
the Pacific where it was first recorded in 1870, and has since spread widely around this 
region (Greenslade 1972). It is also established in Australia, east Africa, and Asia 
(Wetterer 2005). Like many other invasive ant species it is polygynous and unicolonial, 
and can reach extraordinarily high population densities (Holway et al. 2002). On 
Christmas Island, for example, populations of this ant reach such high densities, aided by 
an invasive scale insect (Abbott and Green 2007), that they extirpate the endemic red 
land crab, that is the primary consumer on the forest floor. The loss of the crab severely 
disrupts the rainforest ecosystem, facilitating secondary invasions by other exotic species, 
coining the term “invasional meltdown” (Simberloff and Van Holle 1999; O’Dowd et al. 
2003; Abbott and Green 2007; Green et al. 2011). Most of the studies done on A. 
gracilipes have focused on its impact in its invaded environment (Bos et al. 2008; Hill et 
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al. 2003; Hoffmann and Saul 2010; Mezger and Pfeiffer 2003; Gillespie and Reimer 
1993; Braby 2010; Davis et al. 2008, 2009; Gerlach 2004; Suwabe et al. 2009) or 
supercolonial structure (Abbott 2005; Drescher et al. 2007, 2010). Surprisingly, there has 
only been one study investigating possible microorganisms carried by A. gracilipes, 
Sébastien et al. (2011) investigated the prevalence of several bacterial endosymbionts in 
A. gracilipes populations in the Pacific region, including populations from my study sites 
in Arnhem Land, Australia. 
 
Anoplolepis gracilipes was first detected in northeast Arnhem Land on rehabilitated 
bauxite mine sites in 1982 (Majer 1984), but had probably been established for several 
decades before this initial observation (Young et al. 2001). By 2009 it was patchily 
distributed across 25 000 ha (Hoffmann and Saul 2010). A recent study investigating 
population genetic structure showed that all A. gracilipes populations in Arnhem Land 
are descended from the introduction of a single population (Gruber et al. 2012b). These 
ants have mostly invaded undisturbed savanna woodland where they form discrete 
patches of populations (Hoffmann and Saul 2010). Here, they attain high densities where 
they exclude other dominant native ant species such as Oecophylla smaragdina and 
Iridomyrmex spp. (Gruber et al. 2012c). Anoplolepis gracilipes populations have been 
observed to fluctuate strongly (Gruber et al. 2012a; Haines and Haines 1978; O’Dowd et 
al. 2003). In Arnhem Land, populations of these ants fluctuate spatially and temporally 
and sometimes disappear altogether (Chapter 2).  
 
1.3. Invasive species population collapses  
Though not common, established, widespread populations of invasive species have been 
known to collapse or decline suddenly (Simberloff and Gibbons 2004). Unfortunately 
most of these cases, though verified, are anecdotal. There are very few studies that 
document declines quantitatively as they occur (but see Chapter 2). This absence of 
documented collapses is likely because interest in invasive species occurs only so long as 
they are perceived as a problem, probably resulting in a publication bias. However, 
interest in this phenomenon is growing (Cooling et al. 2012; Cooling and Hoffmann 
2015; Sandström et al. 2014). For example, Sandström et al. (2014) found that 41% of 
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introduced signal crayfish populations in Swedish lakes had collapsed. A number of other 
such examples are reviewed by Simberloff and Gibbons (2004), such as the case of the 
waterweed, Elodea canadensis, which is well known for its boom and bust cycles, in both 
its native and introduced ranges, though the mechanism behind these extreme fluctuations 
are not understood (Simberloff and Gibbons 2004). In some cases invaders may be 
outcompeted by new invaders, such as the apparent displacement of the yellow fever 
mosquito, Aedes aegypti, with the subsequently introduced Asian tiger mosquito, A. 
albopictus, in Spain and Florida (Simberloff and Gibbons 2004). Or invaders may 
overexploit local resources, as has been recorded for introduced deer populations 
(Scheffer 1951). Pathogens may also play a role in such declines. For example, 
introductions of the giant African land snail on Pacific islands have been characterized by 
population explosions, followed by precipitous population declines apparently caused by 
a bacterial pathogen (Simberloff and Gibbons 2004).  
  
This sudden disappearance of populations has also been observed in several species of 
invasive ants (Cooling et al. 2012; Haines et al. 1994; Wetterer 2006). Pheidole 
megacephala populations have been observed to go through boom and bust phases 
throughout their introduced range (Wetterer 2012). Wasmannia auropunctata populations 
in New Caledonia and L. humile populations in New Zealand periodically collapse (Le 
Breton, per comm; Cooling et al. 2012). In 17th and 19th century Bermuda, the capital 
town was overrun with an unidentified species of ant that was described as being in 
plague proportions. This ant has since disappeared completely, leaving its identity a 
mystery (Wetterer 2006). Haines and Haines (1978) noted the decline and disappearance 
of local populations of A. gracilipes on the Seychelles. Abbott (2006) also noticed local 
declines in some populations of this species on Christmas Island, though overall 
populations of A. gracilipes have been increasing on that island. Instead of being the 
ultimate cause of the collapse, pathogens and overexploitation of resources may simply 
be mechanisms by which a population is reduced to a low enough level that it becomes 
vulnerable to Allee effects or stochastic processes (Taylor and Hastings 2005). Most 
often there is no immediately obvious reason for such declines, though pathogens and 
overexploitation of resources are the most commonly invoked explanations, but evidence 
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to support these claims is rarely given (Simberloff and Gibbons 2004). For example, 
Gruber et al. (2012a) suggested pathogens as a potential reason behind the decline in 
abundance of invasive ant A. gracilipes populations on Tokelau, but supporting evidence 
has yet to be found.  
 
The possibility of pathogens as an agent of decline is of particular interest in the case of 
invasive species population declines because of the potential that such pathogens could 
be used as biocontrol agents. For some invasive species, particularly those that are very 
widespread, eradication is no longer a viable option (Oi and Valles 2009). Such is the 
case for S. invicta in the southern United States. Since this invader’s introduction to 
Mobile, Alabama in 1933, it has spread over 129.5 million hectares, across more than 20 
states (Oi and Valles 2009). Eradication is no longer considered an option for this 
species, and widespread chemical control is economically unfeasible for both economical 
and environmental reasons. One of the chief advantages of biocontrol is that once the 
biocontrol agent is released and establishes a self-sustaining population, it does the work 
of suppressing the target population itself. Unlike a poison, it does not need to be 
reapplied. It can also be used for those invaders that inhabit vulnerable or valuable 
ecosystems, where application of poison as a means of control may not be feasible.  
 
1.4. Pathogens in ants 
Insects are host to a suite of microbes, which may have substantial impacts on the host’s 
development, physiology and longevity, both positive and negative (Dunn et al. 2012; 
Russell et al. 2009). The influence endosymbiotic bacteria have on host ecology and 
evolution is a growing field of study, with more relationships being elucidated every day 
(Brownlie and Johnson 2009 and references therein; Kaltenpoth 2009; Sharon et al. 
2013). Mutualistic bacteria have been found to provide essential nutrients lacking in the 
host’s diet, mediate host thermal tolerance, enhance reproduction and increase resistance 
to parasites and pathogens (Ceja-Navarro et al. 2015; Panteleev et al. 2007; Russell and 
Moran 2006; Russell et al. 2009). Alternatively, many microbial pathogens have been 
found to negatively affect reproduction in insects (Calleri et al. 2006; Dunn et al. 2012). 
Bacterial, fungal and viral entomopathogens can cause extensive declines of insect pest 
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populations, as seen for various species of sawflies, with viruses in the family 
Baculoviridae in Europe and eastern North America (Arif et al. 2011; Lacey et al. 2001). 
The microbial community living within an insect may have complex relationships with 
their hosts.  
 
Social insects also have a rich microbiota, and may be host to a multitude of mutualists, 
commensals and pathogens (Cox-Foster et al. 2007; Russell et al. 2009; Vasquez et al. 
2012). The microbiome of Apis mellifera, the honey bee, is particularly well-studied. 
These hymenopterans may carry many pathogens, including, but not limited to, bacteria, 
such as Paenibacillus larvae (American foulbrood), microsporidia, such as Nosema, and 
a number of viruses in the Dicistroviridae and Iflaviridae families (Evans and Schwarz 
2011). All of these pathogens have been associated with significant declines of A. 
mellifera populations (Evans and Schwarz 2011; Schroeder and Martin 2012). 
Alternatively, mutualistic bacteria may provide protection against some of these 
pathogens. For example, the lactic acid bacterium genus, Lactobacillus, has been shown 
to inhibit the growth of P. larvae in A. mellifera brood (Forsgren et al. 2009; Vasquez et 
al. 2012). Lactobacillus was also found to dominate the microbiome of the leaf-cutting 
ant, Mycocepurus smithii, where it was hypothesized to play a defensive role against 
pathogenic fungi (Kellner et al. 2015). Other mutualistic bacteria in social insects 
supplement nutrient poor diets. For example, obligate Blochmannia endosymbionts in 
Camponotini ants provide essential amino acids to the host (Feldhaar et al. 2007). 
Sébastien et al. (2011) discovered a number of bacterial endosymbionts infecting the 
invasive ant, A. gracilipes, some of which (Wolbachia and Arsenophonus) were proposed 
as potential biocontrol agents. In fact, social insects are hypothesized to be especially 
prone to pathogens, through living in dense groups of intermixing individuals, compared 
to solitary insects (Schmid-Hempel 1998). Microbes are hypothesized to play an 
important role in the success or failure of biological invasions, including those of ants 
(Ishak et al. 2011a; Sébastien et al. 2011). Invasive species are thought to be particularly 
vulnerable to disease due to low genetic diversity. 
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Introduced species tend to have low genetic diversity because small populations of 
colonists often impose a genetic bottleneck, due to small founding population size, 
resulting in significantly reduced genetic diversity compared to that of the parent 
population (Allendorf and Lundquist 2003). Inbreeding depression can limit population 
growth, and reduce the likelihood of population persistence (Sakai et al. 2001). Low 
genetic diversity also interferes with a species’ ability to adapt to its new environment 
(Allendorf and Lundquist 2003). Due to these factors, invasive species may be prone to 
population crashes (Sakai et al. 2001). For example, low genetic diversity may interfere 
with workers’ ability to detect and respond to pathogens, leaving the colony vulnerable to 
infection (Ugelvig et al. 2010). Invasive ant species, such as A. gracilipes, may be 
especially at risk for three reasons: (1) their unique unicolonial colony structure allows no 
gene flow from other newly introduced populations, thus forming a closed genetic unit, 
and retaining what was already potentially very low genetic diversity (Ugelvig and 
Cremer 2012), and (2) their polygynous nature results in high levels of intermixing 
individuals, and may result in higher transmission rates. For example, Valles et al. (2010) 
found that the unicolonial polygyne form of S. invicta was both more likely to be infected 
with pathogens than the monogyne form, and also had an increased chance of harbouring 
multiple pathogens at one time. The initial population bottleneck at introduction may also 
deprive introduced species of beneficial microbial mutualists, further decreasing their 
resistance to infection.    
 
The vast majority of studies investigating pathogens in ants have looked at S. invicta, 
which is arguably the most well studied invasive ant (Holway et al. 2002; Yang et al. 
2010). The impetus behind such investigations has been to identify potential biocontrol 
agents, as this ant is a severe economic and ecological pest in the United States and is 
estimated to cost the US economy over $6 billion annually (Pereira et al. 2003). Surveys 
for natural enemies have been done both in this ant’s native range, South America, and in 
the United States (Allen and Buren 1974; Jouvenaz and Kimbrough 1991; Briano et al. 
1995a; Valles et al. 2004; Oi et al. 2012 and references therein). These studies have 
uncovered a number of pathogenic microbes infecting these ants, including fungi, 
microsporidia, bacteria and viruses. The effects of these microbial taxa on S. invicta 
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populations are varied. Though some, such as the microsporidian Kneallhazia solenopsae 
and the RNA virus Solenopsis invicta virus-3 can exert a strong influence where present 
and even lead to colony collapse (Williams et al. 1998; Valles 2012).  
 
1.5. Importance of biological control 
Invasive species may carry their own microorganisms into their new environment 
(Sébastien et al. 2011) or pick up novel ones in their introduced range (Barton 1997; 
Espadaler et al. 2011). Solenopsis invicta brought several of its own pathogens with it 
from South America, and over two dozen more have been found by surveying its native 
range (Allen and Buren 1979; Oi et al. 2012). As the native range of A. gracilipes is 
unknown, surveying for potential pathogens there is impossible. However, by 
investigating unusual behaviour, such as unexplained population declines, which may 
indicate unhealthy populations and the presence of pathogens, the discovery of potential 
biocontrol agents becomes more likely (Valles et al. 2012).  
 
Biocontrol is defined as the control of a specific undesirable species population by a 
natural enemy. A biocontrol agent may be a predator, parasite or pathogen. Originally 
predators, either vertebrate or insect, were commonly used as biocontrol agents. However 
they had a tendency to do more damage than the species they were meant to control. In 
the past several decades, microbes have been heavily researched as potential biocontrol 
agents due to their higher host specificity (Porter et al. 2013). Biocontrol can be thought 
of as a last resort due to the potentially catastrophic consequences a rogue biological 
control agent can have (Simberloff 2008). The rosy wolf snail, Euglandina rosea, in the 
Pacific and the cane toad, Bufo marinus, in Australia are classic examples of biocontrol 
agents that ended up being much worse than the species they were originally meant to 
control (Civeyrel and Simberloff 1996; Simberloff and Gibbons 2004). However, A. 
gracilipes on Christmas Island may be a case where there is no other viable option. 
Currently, A. gracilipes populations are controlled by fipronil applications, a poison bait 
(Simberloff 2008). However, poison bait use for ant control is just a stop-gap measure. 
As red land crabs and robber crabs are vulnerable to the bait, it is only possible to bait A. 
gracilipes populations that are at such high densities the land crabs have been eliminated 
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already. After baiting, the ant population is reduced to almost zero and the red land crab 
can recolonize the area. Nevertheless, once A. gracilipes populations recover, the whole 
cycle starts over (Boland et al. 2011). Regardless, this method is the best option available 
at present and it is preventing even more drastic declines in the red land crab population 
(Simberloff 2008). However, the introduction of an epizootic that regulated A. gracilipes 
populations and was specific only to the ants could potentially keep A. gracilipes 
populations at low densities so the red land crab and ants could co-exist.  
Declining A. gracilipes populations in Arnhem Land represent a unique and tractable 
opportunity to investigate mechanisms by which a globally significant invader declines. 
Identifying the drivers and mechanisms behind such declines could have important 
applications for invasive species management worldwide. 
 
1.6. Thesis outline 
In this thesis I investigate the relationship between pathogens and bacterial 
endosymbionts and observed population declines in A. gracilipes in Arnhem Land, 
Australia. My overall goal was threefold: to document population declines in A. 
gracilipes, to investigate if microbes potentially play a role in the observed declines and 
to identify pathogens infecting A. gracilipes as potential candidates for biocontrol agents. 
In Chapter 2, I document previous population declines in A. gracilipes.  
Chapter 3 investigates the effect artificial infection by the entomopathogenic fungus, 
Metarhizium anisopliae, has on reproductive output in laboratory colonies of A. 
gracilipes.  
In Chapter 4, I investigate the hypothesis that a pathogen is affecting queen health in field 
populations of A. gracilipes. I do so by comparing queen number and queen health 
between populations that are in various stages of decline or expansion.  
Chapter 5 examines differences in microbial load between populations of A. gracilipes in 
various stages of decline. I also suggest several candidates for potential biocontrol agents 
and future study. 
Chapter 6 summarizes and synthesizes the main findings of my thesis, outlines 
encountered restraints and explores avenues for further research.
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Chapter 2: Here today, gone tomorrow- declines and local 
extinctions of invasive ant populations in the absence of 
intervention 
 
2.1. Abstract 
Invasive species are known to exhibit boom and bust cycles. We report population 
declines of one of the world’s most serious ant invaders, Anoplolepis gracilipes (Smith) 
(yellow crazy ant) in Arnhem Land, Australia. Anoplolepis gracilipes populations are 
known to fluctuate, both spatially and temporally, but this is the first instance of 
quantitative monitoring of spatial declines of entire populations. We present before and 
after survey data on seven populations that have either declined substantially or 
disappeared completely without human intervention. Sites ranged in size from 1.8 ha to 
15 ha. Although the mechanistic cause of these declines remains unknown, A. gracilipes 
populations in Arnhem Land represent a unique opportunity to investigate mechanisms 
by which a globally significant invader declines, which could have important 
implications for invasive species management worldwide.  
 
2.2. Introduction 
Population declines of an exotic species following an initial population “explosion” are a 
well recognized, but rarely investigated, syndrome of invasions (Simberloff and Gibbons 
2004; Gruber et al. 2012a; Sandström et al. 2014). In most instances, the mechanisms 
driving the declines are unclear (Cooling et al. 2012; Sandström et al. 2014). Similarly, 
data quantifying the declines as they occur are extremely rare because they most often 
happen quickly and unexpectedly, and because interest in invasions is reduced after a 
decline has taken place, which results in a publication bias (Simberloff and Gibbons 
2004).   
 
The yellow crazy ant, Anoplolepis gracilipes (Smith), is considered one of the world’s 
most widespread, ecologically and economically damaging invasive ant species (Holway 
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et al. 2002), and like many other invasive ant species it can reach extraordinarily high 
population densities and substantially modify ecosystems (O’Dowd et al. 2003). 
Populations of this ant are also known to fluctuate strongly, both spatially and temporally 
(Haines et al. 1994; Abbott 2005; Gruber et al. 2012a, b). Anoplolepis gracilipes was 
first detected in northeast Arnhem Land in Australia’s Northern Territory in 1982 (Majer 
1984), though it had probably been established for several decades prior (Young et al. 
2001). The ant is patchily distributed throughout 25,000 ha, inhabiting mostly 
undisturbed savanna woodland, where it forms spatially discrete populations probably as 
a result of accidental dispersal by people (Hoffmann and Saul 2010; Figure 2.1).  
 
Some populations of A. gracilipes were found to decline or disappear, in the absence of 
intervention, during delimiting surveys, that were part of management operations against 
this ant that have been ongoing in northeast Arnhem Land since 2004. The declines 
occurred either between the time that they were found and then accurately delimited, 
between multiple delimitations when treatments were delayed, or while they were being 
observed for other experimental work (Hoffmann 2014, 2015). Here we detail large-scale 
reductions in the spatial extent of four populations of this highly invasive species, 
including one population (site G) that we monitored for three years. We also present data 
on three populations that were recorded as present, but disappeared before they were 
spatially delimited.  
 
2.3. Methods 
We monitored and quantified the change in spatial extent of four populations and 
recorded the collapse of three others (Figure 2.1). Unfortunately ideal baseline data was 
not obtained for most populations due to this work not being anticipated when they were 
first found or mapped. Four populations were mapped using the standard visual 
assessments used by the eradication program (detailed below), but GPS data were not 
collected at sites A and F for each visual assessment, rather only the boundary of each 
population was recorded as a polygon, thereby giving only an area, not an indication of A. 
gracilipes continuity through the area. However, pre-decline nest density at site A was 
known from prior research (Hoffmann 2015). Three populations (B, C, D) were not 
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mapped prior to their decline and so their baseline data are only a single GPS point 
indicating that they existed, and thus their original extents are unknown. 
 
 
Figure 2.1. Inset of Australia and map of Arnhem Land showing locations where A. gracilipes has 
been detected since 2003 (black circles), and the locations of the populations detailed here (triangles). 
Sites B and C appear as one site on this map because they are <500m apart. Note that most of these 
detections (black circles) represent spatially discrete populations, and most have not been resurveyed 
since their initial detection, so it is unknown how many others have undergone spatial collapse since 
their detection. 
 
Mapping and subsequent re-surveys of populations were conducted by visual assessments 
of the presence/absence of A. gracilipes workers. Assessments were conducted between 
0600-0930 and 1530-1830, when temperatures do not greatly hinder A. gracilipes activity 
(15-30qC) (Hoffmann 2015). Assessments were conducted by teams of people walking in 
parallel, commencing in any direction from an A. gracilipes detection point. Assessments 
were conducted haphazardly, approximately one per every 2 m. Early work conducted 
prior to 2007 did not collect point-level GPS data, rather only the boundary of 
populations was recorded as a polygon. When point-level GPS data were collected, A. 
gracilipes was recorded as present or absent. The boundary of the population was deemed 
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to have been determined when no detections had been made for at least 100 m in all 
directions from the peripheral detections. The accuracy of visual assessments in 
determining A. gracilipes presence/absence was verified in a previous pilot study, where 
visual assessments accurately detected the full extent of multiple small and isolated 
clusters of nests previously delineated using attractive food lures (data not presented). 
Visual assessments are the standard technique used by the management program for 
detection and mapping A. gracilipes populations. This visual method did not attempt to 
detect nests, as this would be an impossible task to complete accurately at the scale of 
multiple hectares. Therefore data presented here focus on population distribution, not 
abundance.  
 
In subsequent assessments to quantify decline, the entire area of small populations (< 9 
ha; populations A-E) was re-surveyed, but for the two larger populations (F and G) only 
two areas of 2.3 and 8.6 ha respectively that originally had a high density of detections 
were re-surveyed. Finally, to assess if the populations had merely shifted their 
distribution to a new area, we also conducted a search up to 400 m in all directions 
around the original distribution of population G, and for three other populations (A, B, C) 
searches in some peripheral locations also extended well past the 100 m search limit.  
 
2.4. Results 
Of the seven populations, five (sites A, B, C, D, E) appear to have disappeared 
completely from when they were first found or mapped to when they were resurveyed 
(Table 2.1, Figure 2.2, 2.3). These populations ranged in size from single point detections 
with unknown extent to 3.6 ha. The populations at sites F and G, which had the largest 
original infestations covering 15 and 8.6 ha respectively, declined substantially. Average 
nest density at site F was known to be one nest per 6.3 m2 in 2006 (Hoffmann 2015), 
which declined to only a single nest being found throughout 2.3 ha in 2012 and no other 
detections being made throughout a greater area in other informal searches (data not 
presented). No A. gracilipes were found in the areas searched on the eastern half and far 
western side of site G in 2012, and there was a clear continual decline in detections, 
including their spatial distribution, throughout the permanent re-survey zone throughout  
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Table 2.1. Details of initial surveys and reassessments of seven A. gracilipes populations conducted 
between 2003 and 2014. Sites ordered from declining to extinct A. gracilipes populations  
Site Year Mapping method Area surveyed 
(ha) 
Presence 
points 
Absence 
points 
F 2006 boundary mapped1 14.97 n/a n/a 
 2012 point-level GPS data2 2.3 1 700 
Ga 2007 point-level GPS data 8.62 154 6192 
 2012 point-level GPS data 8.62 17 3317b 
 2013 point-level GPS data 8.62 35 4102 
 2014 point-level GPS data 8.62 14 3380 
A 2003 boundary mapped 3.64 n/a n/a 
 2013 point-level GPS data 10.29 0 3980 
E 2008 point-level GPS data 6.53 16 5072 
 2013 point-level GPS data 3.47 0 1586 
B 2003 presence detected3 not delimited n/a n/a 
 2005 visual assessment4 not delimited n/a n/a 
 2009 point-level GPS data 1.80 0 156 
C 2003 presence detected not delimited  n/a n/a 
 2005 visual assessment not delimited n/a n/a 
 2009 point-level GPS data 2.06 0 261 
D 2004 presence detected not delimited n/a n/a 
 2008 point-level GPS data 2.3 0 1461 
Mapping methodologies are: 1) no point level GPS data were recorded of A. gracilipes presence/absence, 
only the boundary of the population was determined; 2) point level GPS data recorded of A. gracilipes 
presence/absence throughout the population; 3) Rapid visual reassessment of A. gracilipes 
presence/absence only, no GPS data recorded; 4) single GPS detection point only collected to record the 
location of a broad and unmapped A. gracilipes population. 
a the area and number of presence/absence points for all four years, refers to the re-surveyed area delimited 
by the polygon in Figure 2.4  
b indicates that approximately half of the absence points were inadvertently lost and are not reported here 
 
all years (Figure 2.4). No detections were made up to 400 m surrounding site G in 2012, 
or at sites A-C where searches sometimes exceeded far more than 100 m past a detection 
point, making it unlikely that the populations had just moved to a new location. 
 
2.5. Discussion 
Populations of A. gracilipes have previously been reported to fluctuate (Haines et al. 
1994; Abbott 2005; Gruber et al. 2012a) but their decline over several years has rarely 
been monitored. We quantified the spatial decline of four A. gracilipes populations, and 
documented the extinction of three others. On the Seychelles, very abundant local 
populations of A. gracilipes declined and disappeared over extensive areas within five 
years (Haines et al. 1994). A supercolony on Christmas Island was observed to decline  
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Figure 2.2. Site A, showing the distribution of a continuous A. gracilipes population surveyed in 2003 
(polygons), and absence points recorded when the site was resurveyed in 2013 (triangles). No A. 
gracilipes were observed in the 2013 sampling. Note that the central data gap is an inaccessible 
flooded creek and bare rock face. 
 
rapidly in abundance over an 18 month period, to the point that red land crabs, which are 
completely excluded by high-densities of A. gracilipes, were able to recolonize the area 
(Abbott 2005; Abbott et al. 2014). Though uncommon, other established and widespread 
invasive species have been known to collapse or decline suddenly (Simberloff and 
Gibbons 2004; Sandström et al. 2014). For example, invasive giant African land snail 
populations on islands periodically crash, apparently due to a bacterial pathogen 
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(Simberloff and Gibbons 2004). Introduced deer are well known for initial population 
explosions followed by catastrophic collapse, caused by overexploitation of resources 
(Simberloff and Gibbons 2004). The highly invasive signal crayfish has been known to 
suffer unexplained population declines, Sandström et al. (2014) found that 41% of 
surveyed signal crayfish populations in Swedish lakes had collapsed. This sudden 
disappearance of populations has also been observed in several species of invasive ants 
(Wetterer 2006, 2012). Pheidole megacephala populations have been observed to go  
 
 
Figure 2.3. Site E showing the A. gracilipes population as mapped in 2008 and 2013. The white 
polygon indicates the same area on both maps. 
 
through boom and bust phases throughout their introduced range (Wetterer 2012) and 
local populations of Linepithema humile in New Zealand periodically collapse (Cooling 
et al. 2012). Mechanisms such as pathogens and overexploitation of resources may not 
cause the disappearance of a population, but simply reduce the population to low-enough 
levels that it becomes vulnerable to Allee effects or stochastic processes (Taylor and 
Hastings 2005).  
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Invasive species are thought to be vulnerable to population decline due to low genetic 
diversity resulting in inbreeding depression and the inability to adapt to local 
environments (Vogel et al. 2010). A recent study investigating population genetic  
 
 
Figure 2.4. Site G, showing the A. gracilipes population as mapped in 2007, 2012, 2013 and 2014. The 
white polygon indicates the same area on all maps. The black rectangle on the 2012 map indicates 
where GPS data of A. gracilipes absence points were lost.  
 
structure showed that all A. gracilipes populations in Arnhem Land are likely to be 
descended from the introduction of a single population (Gruber et al. 2012a).  
 
Due to the nature of the surveys done, we do not know when A. gracilipes became 
established in our study sites, nor in most cases how long it took populations to collapse. 
However, we do know that populations at sites B and C disappeared completely in under 
two years, so swift declines are possible. Declines of smaller infestations such as 
observed at site E may be explained by stochastic events that all small populations are 
vulnerable to, but collapses of larger infestations such as observed at sites A and G are 
less easily explained. There are several hypotheses to explain these results and patterns, 
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which include fire, pesticides, migration, resource overexploitation and pathogens or 
parasites. Bush fires are commonplace in the savanna woodland where these declines 
occurred, with up to half or more of some regions being burnt each year (Russell-Smith et 
al. 1997) and most sites in this study burning at least every two years (B. Hoffmann, 
personal observation). Considering the high frequency of burning, it seems very unlikely 
that A. gracilipes would have been able to persist in this region for over 30 years (and 
probably much longer) if populations could not tolerate fire. These populations have not 
been treated with poison baits, nor do they appear to have moved. Though individual 
nests may move up to several meters, it is extremely unlikely for an entire population 
covering multiple hectares and consisting of hundreds of individual nests to move 
hundreds of meters away as one and we found no evidence for this. Overexploitation of 
resources is also an unconvincing argument in this case. Like many other invasive ant 
species, A. gracilipes populations are largely driven by carbohydrates (Holway et al. 
2002; O’Dowd et al. 2003) and the savanna woodland in Arnhem Land consists 
predominantly of Acacia, which has carbohydrate-producing extra-floral nectaries (Lach 
and Hoffmann 2011). Previous studies in this region have found no association between 
Acacia or invertebrate abundances in high-density vs low-density A. gracilipes 
populations (Hoffmann and Saul 2010; Gruber et al. 2012b). Five arthropod nest 
symbionts and one ecto-parasitic mite have been found in association with A. gracilipes 
in Arnhem Land (Hoffmann 2015), but they are unlikely to have such an important 
influence as they have been rarely encountered.  
 
Pathogens are a final factor that may cause localized extinctions, and work is currently 
being undertaken to determine what role, if any, pathogens may play in these declines. 
Invasive species can carry their own microorganisms and pathogens into their new 
environment (Oi and Valles 2009), or pick up novel ones in their introduced range 
(Espadaler et al. 2011). For example, it is now well known that Solenopsis invicta 
brought several pathogens with it to North America from its native range in South 
America, and many more have been found by surveying its native range (Oi and Valles 
2009). Some of these pathogens, such as Kneallhazia solenopsae, are now being used as 
biocontrol agents against S. invicta (Oi and Valles 2009). As the native range of A. 
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gracilipes is unknown, we are unable to survey for potential co-evolved pathogens, but 
we do know that A. gracilipes harbours potentially pathogenic fauna throughout its range 
(Gruber 2012). It remains unclear, however, exactly which associated fauna is pathogenic 
or not, and what is from the native range or has been transmitted to the ant within the 
exotic range. Unexplained population declines such as these are key research arenas 
because the declines may indicate unhealthy populations and the presence of pathogens 
(Valles et al. 2012).  Declining A. gracilipes populations in Arnhem Land represent a 
unique opportunity to investigate mechanisms by which a globally significant invader 
declines. Identifying the drivers and mechanisms behind such declines could have 
important applications for invasive species management worldwide.
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Chapter 3: An experimental fungal pathogen infection did not 
affect Anoplolepis gracilipes reproduction 
 
3.1. Abstract 
Pathogens may have a deleterious impact on the reproduction and survival of their hosts. 
In preliminary studies, I documented a significant negative correlation between fecundity 
and infection by a potential fungal pathogen in queens of the invasive ant, Anoplolepis 
gracilipes. Here, I investigated the effect of inoculation with a fungal entomopathogen or 
fungicidal antibiotics on the reproductive output of A. gracilipes. Neither treatment 
significantly affected the number of eggs, larvae, worker pupae or male pupae produced 
after 70 days in laboratory colonies. As in the following chapter, infection by a potential 
fungal pathogen was negatively correlated with oocyte number; however, egg, larvae and 
pupae number present in the nests were not associated with infection status. Queen 
number also had no effect on colony reproductive output, suggesting that queens adjust 
their egg-laying rate in the presence of other queens.  In this laboratory trial, I found no 
evidence that the fungus Metarhizium anisopliae is able to affect the reproductive output 
of A. gracilipes at the tested concentrations, though different fungal pathogens may have 
different effects.  
 
3.2. Introduction 
The microbial community living within an insect may have both positive and negative 
effects on its health and reproduction (Dunn et al. 2012; Russell et al. 2009). Many 
bacterial pathogens have been found to negatively affect reproduction in insects (Dunn et 
al. 2012; Wenseleers et al. 1998), while bacterial symbionts in the gut may help insects 
obtain the nutrients they need to live and reproduce (Dillon and Dillon 2004; Russell et 
al. 2009). Bacterial and fungal entomopathogens can be responsible for significant 
declines of insect pest populations, such as with the gypsy moth, Lymantria dispar 
dispar, infected by the fungus, Entomophaga maimaiga, in eastern North America (Lacey 
et al. 2001). Similarly, the South American bumble bee, Bombis dahlbomii, is 
disappearing across its native range, which has been hypothesized to be due to a 
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protozoan parasite spread by the introduced bumble bee, B. terrestris (Schmid-Hempel et 
al. 2013). Cooling et al. (2012) hypothesized that pathogens were responsible for 
unexplained declines in populations of the Argentine ant, Linepithema humile, in New 
Zealand and multiple viral infections have been observed in these ants (Sébastien et al. 
2015)  
 
The impact of disease and parasites may be especially high in social animals, due to 
increased transmission rates (Hughes and Boomsma 2004). Within ant species, Valles et 
al. (2010) found that the unicolonial polygne form of Solenopsis invicta was more likely 
to be infected with pathogens than the monocolonial monogyne form, probably due to the 
high levels of intermixing individuals found in unicolonial colonies. Low genetic 
diversity may result in lowered resistance to disease and reduced anti-pathogen response 
in ants (Ugelvig et al. 2010). Introduced unicolonial populations of ants are hypothesized 
to be especially susceptible to pathogens and parasites because their unique colony 
structure prevents gene flow from other newly introduced populations, thus maintaining 
what may be very low genetic diversity (Ugelvig and Cremer 2012). Genetic diversity 
has been found to increase colony resistance to parasitic infection in leaf-cutting ants 
(Hughes and Boomsma 2004). The polygynous colony structure of the invasive ant, 
Anoplolepis gracilipes, could make it particularly vulnerable to disease. In support of this 
hypothesis, Gruber et al. (2012c) found that genetic diversity had a strong positive 
relationship with A. gracilipes abundance in Arnhem Land. 
 
Pathogens are ubiquitous in nature and may influence the population dynamics of a 
species by affecting birth and/or death rates (Tompkins et al. 2011). For example, 
polygyne S. invicta queens experienced decreased weight, survival and egg-laying rates 
when they were infected with the microsporidian, Kneallhazia solenopsae (Williams et 
al. 1998). There can also be tradeoffs between investment in immune response and other 
physiological processes, such as reproduction (Calleri et al. 2006; Tompkins et al. 2011). 
For example, Contreras-Garduño et al. (2014) found that immune priming, the enhanced 
protection by the immune system due to past experience with the same pathogen, resulted 
in reduction in the reproductive output of the mosquito, Anopheles albimanus, when 
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infected with Plasmodium berghei. Though there was no difference in egg-laying rates 
between immune primed females and control females, the eggs of primed females were 
less likely to hatch, and primed females were less likely to lay eggs. Calleri et al. (2006) 
observed that founding pairs of the termite, Zootermopsis angusticollis, had a lower 
reproductive output (laid fewer eggs) in the first 70 days after serial exposure to the 
entomopathogenic fungus Metarhizium anisopliae, though this effect diminished over 
time and was insignificant by 300 days.  
 
Ants are hosts to a suite of pathogens (Allen and Buren 1974; Boer 2008; Briano et al. 
1995a; Espadaler and Santamaria 2012; Poinar 2012; Schmid-Hempel 1998; Valles et al. 
2010; Yang et al. 2010). The effect many of these fungi have on ant worker mortality has 
been well documented (Hughes et al. 2002; Hu et al. 2011; Reber and Chapuisat 2012). 
The effect of such pathogens on queens and their reproduction, however, is less well 
known. Metarhizium anisopliae is a common fungal pathogen of ants and has been 
shown to affect egg-laying rate in other social insects (Jaccoud et al. 1999; Calleri et al. 
2006; Okuno et al. 2012). It is often used as an experimental pathogen of ants and 
termites (Hughes and Boomsma 2004; Calleri et al. 2006; Konrad et al. 2012; Reber and 
Chapuisat 2012).  
 
In Arnhem Land, Australia, populations of A. gracilipes have been known to dramatically 
decline in abundance and sometimes disappear completely (Chapter 2). In this chapter, I 
hypothesized that a fungal pathogen was able to reduce queen reproductive output to the 
point that populations would decline. Preliminary studies show that queens with an 
unidentified infection, likely fungal in nature (hereafter referred to as infected queens), 
have significantly fewer oocytes in their ovaries than uninfected queens (preliminary 
results for Chapter 4). Here, I experimentally investigated the impact of a fungal 
pathogen on reproduction in A. gracilipes, by (1) inoculating queens with the common 
entomopathogen M. anisopliae and (2) treating queens that are likely to be infected with 
an unidentified fungal pathogen with fungicidal antibiotics. I compared reproductive 
output among the different treatments. I expected a decrease in reproductive output in the 
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colonies treated with fungus, and an increase in reproduction in colonies treated with 
antibiotics.  
 
3.3. Methods 
3.3.1. Laboratory colony set-up  
Queens and workers for laboratory colonies were collected on August 7th, 9th and 11th 
2013 from site H1 (Nhulunbuy, Australia, 12 17' 11.51"S 136 52' 11.53"E; see Chapter 4 
for additional site details). This site was selected as a collection site because it was one of 
only two sites (H1 and H2) that had high enough population abundances to collect the 
necessary number of queens and workers, and also had the highest infection rate of 
queens (17% versus 4.5% at H2, Chapter 4) between these two sites. Queens were 
collected by turning over large rocks and carefully gathering visible queens by hand. 
Infection status of queens was unknown at this time. Workers were collected from the 
same sites by placing gloved hands flat on the ground and allowing workers to run over 
them. Workers were then shaken into a bucket with a 10 cm barrier of Insect-A-Slip 
(BioQuip Products, CA USA) around the top.  More than 160 queens and over 16 000 
workers were collected from approximately 60 different nests over a 10 ha area.  
 
Queens and workers were randomly assigned to one of four treatments: Metarhizium 
treatment, Metarhizium control, antibiotic treatment and antibiotic control.  There were 
10 replicate colonies per treatment. Experimental colonies consisted of four queens and 
400 workers. Each colony was placed in a nest box consisting of a plaster nest in a plastic 
container (21.4 cm long x 14.2 cm wide x 5.1 cm high) connected with a plastic tube to a 
foraging area (23.1 cm long x 15.3 cm wide x 10.2 cm high) (Figure 3.1; see appendices 
for nest design). The plaster nests contained a sponge within the plaster that could be 
wetted periodically to provide the ants with necessary moisture. The queens were added 
to colonies with workers already present. All eggs and pupae that were being carried by 
the workers from their old nests were removed, to ensure that there were no eggs, larvae 
or pupae present at the beginning of the experiment. Colonies were maintained at 
approximately 26 ± 2qC under a 12 h day/night cycle. Water (30mL) was added to the 
hydrating sponge of each nest every 5 days in order to keep the plaster nest moist.  
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Figure 3.1. (A) Plaster nest with five chambers, the chambers are covered with perspex and usually 
shielded with an additional lid (see B). The four queens are circled in black among the much smaller 
workers, the midden (composed of dead workers and other debris) is circled in white. (B) 
Experimental set-up. The nest boxes seen in the foreground are each attached by a tube to a feeding 
arena. 
 
Initially, colonies were fed one gram of cat food (Whiskas ocean fish platter, loaf style, 
Mars Australia Pty Ltd) and 1 ml of 20% sugar water (Woolworths Homebrand, 
Australian white sugar) every three days. After the experiment had begun I observed 
worker foraging to be very low under this feeding regime, so after two weeks it was 
changed to feeding every five days.   
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3.3.2. Metarhizium treatment 
Active M. anisopliae spores were procured from Becker Underwood, Australia 
(BiocaneTM Granules, 2000 million spores M. anisopliae/g). The spores were mixed with 
sterile 0.05% Tween 20 to produce a solution with a final concentration of 105 spores ml-1 
which represents a sublethal dose that was chosen to challenge the queens’ immune 
system, but not to induce mortality (Calleri et al. 2006). This spore concentration was 
quantified using a haemocytometer. The spore solution was used to infect queens in the 
Metarhizium treatment. Queens were chilled for half an hour at 4qC before being 
inoculated with either a sublethal dose of 3 µL of 105 spore solution (Metarhizium  
treatment) or 3 µl 0.05% Tween 20 (control). The solutions were applied directly to the 
gaster of each queen using a pipette. The inoculation was performed on a frozen freezer 
block to prevent queens from regaining consciousness during the process. After 
inoculation queens were placed in plastic isolation cups (10.2 cm high x 8.6 cm in 
diameter) alone for 24 hours to prevent workers from removing spores before they could 
germinate. Self-grooming is not considered an effective defense against fungi (Okuno et 
al. 2012). A damp plaster block (3.5 cm long x 1.0 cm wide x 1.5 cm high) was also 
placed in each cup to prevent dehydration and the translucent lid was covered in red 
cellophane to simulate darkness. Queens were re-inoculated using the same methods two 
weeks after the beginning of the experiment. This second inoculation provided a further 
challenge to the A. gracilipes queens’ immune systems, to ensure the highest probability 
of M. anisopliae infection (Calleri et al. 2006). 
 
3.3.3. Antibiotic treatment 
I wanted to investigate if eliminating any potential fungal infection affecting 15% of 
queens would positively affect their reproductive output. I chose to test this by treating 
queens with fungicidal antibiotics. Antibiotics may cause mortality in insects (Wilkinson 
1998). In order to choose an appropriate antibiotic dosage that would not affect ant 
mortality I performed preliminary trials with three different antibiotic dosages (2.5mg/g, 
5mg/g and 7.5mg/g) and a control (0mg/g) (A. Sébastien, unpublished data). These doses 
were chosen to take into account the extremely small portions A. gracilipes eats (personal 
observation). I chose two antibiotics known to have fungicidal properties (Scheibel et al. 
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1979; Inouye et al. 2006): tetraethylthiuram disulfide (Aldrich Chemistry, 86720-50G) 
(referred to hereafter as disulfiram) and tetrachloro-1,4-benzoquinone (Aldrich 
Chemistry, 232017-25G) (referred to hereafter as chloranil). All doses were four parts 
chloranil and one part disulfiram, due to the higher toxicity of disulfiram (Manufacturer’s 
instructions). Each treatment consisted of 10 mini colonies with 10 workers each. 
Antibiotics were fed to the workers instead of the queens because, like most ants, A. 
grailipes queens do not feed themselves but are instead fed by trophallaxis from the 
workers. Other methods such as injecting the queens directly with antibiotics (Wilkinson 
1998) were considered too invasive, as I did not want to put the queens at risk. 
 
Workers were starved for five days before beginning the treatment to make uptake of the 
antibiotic treated food more likely. They were then given one gram of cat food with the 
specified dose of antibiotics mixed in every day for five days. Workers were observed for 
one hour after feeding to ensure they were eating. The number of dead ants was counted 
each day and the bodies removed. A log rank test showed there was no significant 
difference in the survival distribution of workers between the different treatments (F2= 
6.478, p= 0.091). However, I chose to use the 5mg/g dose because twice as many workers 
died in the 7.5mg/g treatment as in the other treatments.    
 
In the experimental treatments, the colonies were starved for five days prior to 
administering the antibiotics. Similarly, colonies in the antibiotic treatment were given 
one gram of cat food treated with the 5mg/g antibiotic mixture once a day for seven days. 
Colonies in the control group were starved and then fed untreated cat food during this 
time period. After being fed, I confirmed that workers were consuming the cat food with 
antibiotics, by observing the colonies for one hour. After the seven days, colonies in the 
antibiotic treatment and antibiotic control were put on the same feeding regime as the 
Metarhizium treatment and Metarhizium control colonies.  
 
3.3.4. Measuring reproductive output 
Queen survival was assessed every two weeks for a period of 70 days. After this time 
period each entire colony was frozen and eggs, larvae, pupae, newly eclosed workers, 
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workers, queens and males were removed and counted. Male pupae were determined and 
counted by visual inspection of each pupa with a dissecting microscope. Queens were 
preserved in RNAlater Stabilization Solution (Life Technologies, Auckland, New 
Zealand) until they could be dissected and their infection status and the number of 
oocytes in their ovaries assessed. RNAlater was used as a preservative to enable future 
RNA extraction. The ovaries of queens were dissected and the number of oocytes in their 
ovaries counted under a Nikon SMZ1500 dissecting scope (30X magnification). The 
presence or absence of melanized nodules was also recorded.  
 
3.3.5. Statistical Analyses 
A Kaplan-Meier survival curve and logrank statistic were used to estimate queen survival 
over the course of the experiment and compare mortality between the four treatment 
groups. A multivariate general linear model was used to compare reproductive output 
between the treatments. The dependent variables were number of eggs, larvae and pupae. 
The independent variables were treatment and queen number at the end of the 
experiment. Data was not transformed. A generalized linear model with a Poisson 
distribution was used to determine the effect of treatment on the number of male pupae. I 
used a second multivariate general linear model to test if infection status and treatment 
affected oocyte number and reproductive output in individual queens. A Pearson’s chi-
square test was used to see if there was a relationship between infection status and 
treatment.  All data analyses were performed using IBM SPSS Statistics v. 22.0.0.0 (IBM 
Corp. 2013). Figures were created using R v.3.0.2 (R Core Team 2013). 
 
3.4. Results 
Overall, I observed no significant (p > 0.05) effects of the pathogen or antibiotic 
inoculation treatments on A. gracilipes in these experimental trials. A log rank test 
showed there was no difference in the survival distribution of queens between the 
different treatments (F23= 0.90, p = 0.821, Figure 3.2). Queen mortality during the 
experiment averaged 8%, with at least one queen dying in 11 out of 40 colonies. Of the 
11 colonies that lost queens, nine lost one queen and two lost two queens. Half of queen 
deaths occurred during the first 10 days of the experiment. Neither final queen number  
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Figure 3.2. Survivorship curves for queens, with data divided by treatment. Queen survival time did 
not differ significantly between treatments. The y-axis has been split to allow a closer view of the 
survivorship curves. 
 
(F4, 32= 1.71, p = 0.173; Wilks’ /= 0.82), nor treatment had a statistically significant 
effect on reproductive output (F12, 85= 1.13, p = 0.348; Wilks’ /= 0.676) (measured as the 
number of eggs, larvae and pupae) (Table 3.1, Figure 3.3). Male pupae production was 
also not significantly affected by treatment (Wald F23= 0.68, p = 0.881). Fifty-five 
percent of colonies produced a mean of 2.591 ± 0.387 male pupae (± SE), but no queen 
pupae were seen in any treatment.  
 
Queen dissections revealed that twenty percent of queens in this experiment were 
infected with a potential fungal pathogen (see Chapter 4). Putative infection status was 
not associated with variation in reproductive output (Table 3.2, Figure 3.3F) (F4, 46= 1.74, 
p = 0.158; Wilks’ /= 0.87), but was negatively associated with oocyte number (F1= 4.28, 
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p= 0.041; MS= 120.25). The interaction between treatment and status was also not 
significantly associated with reproductive output (F12, 122= 1.50, p= 0.134; Wilks’ /= 
0.70). I found no significant association between infection status and treatment (Pearson 
F2= 4.32, p= 0.231). 
 
3.5. Discussion 
Research elsewhere has found that fungal pathogens can have significant negative effects 
on hymenopterans (Aronstein and Holloway 2013; Briano 2005; Oi and Williams 2003; 
Schmid-Hempel 1998), however I found no such effect. I found no evidence that M. 
anisopliae affects reproductive output in A. gracilipes. The number of eggs, larvae, pupae 
and male pupae observed in the Metarhizium treatment and the control did not differ 
statistically in the time interval examined. However, it is possible that the spores applied 
to the queens never germinated and/or crossed the cuticle, and thus failed to trigger an 
immune response. Unfortunately, in an oversight, I did not check to see if this infection 
had occurred. In addition, despite the precaution of isolating the queens for 24 hours after 
inoculation, workers may have removed the spores before they could penetrate. The M. 
anisopliae strain procured from Biocane has been shown to kill A. gracilipes queens at 
higher dosages than used in this experiment (see Chapter 4), so this strain is capable of 
penetrating the cuticle of this ant species.  
 
My results in this experiment indicate that there appears to have been no trade-off 
between immune response and reproduction. Immune priming, which is increased 
protection against a pathogen that an organism has previously been exposed to, has been 
demonstrated in many insect species (Contreras-Garduño et al. 2014; Pham et al. 2007; 
Reaney and Knell 2010; Schmid-Hempel 2003), including social insects (Calleri et al. 
2006; Galvez and Chapuisat 2014).  However, the presence of immune priming seems to 
be variable across groups and species (ter Braak et al. 2013; Gonzalez-Tokman et al. 
2010). For example, Reber and Chapuisat (2012) found no evidence for immune priming 
in the ant Formica selysi, in response to the entomopathogenic fungus Beauvaria 
bassiana. Further, Galvez and Chapuisat (2014) demonstrated immune priming in mated  
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Table 3.1. Results of a multivariate general linear model testing the effect of treatment and the number of queens remaining at the end of treatment on 
the number of eggs, larvae and pupae (n=10 colonies per treatment). Results of a generalized linear model examining the effect of treatment and the 
number of queens remaining at the end of treatment on the number of male pupae. 
General linear model         
 F df Wilks’ / p     
Treatment 1.13 12, 85 0.68 0.348     
Queen number 1.71 4, 32 0.82 0.173     
 Treatment Queen number 
Dependent variable F df MS p F df MS p 
Eggs 1.21 3 37480.62 0.321 0.75 1 23256.20 0.392 
Larvae 0.40 3 46.91 0.754 0.79 1 92.45 0.381 
Pupae 1.21 3 969.03 0.319 0.42 1 334.15 0.522 
Generalized linear model        
  df Wald F2 p  df Wald F2 P 
Male pupae  3 0.68 0.881  1 2.53 0.114 
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Table 3.2. Results of a multivariate general linear model testing the effect of treatment, status and their interaction on the number of oocytes, eggs, 
larvae and pupae. Results of a generalized linear model examining the effect of treatment and queen number on the number of male pupae. 
General linear model             
 F df Wilks’ / p         
Treatment 1.54 12, 122 0.69 0.117         
Status 1.74 4, 46 0.87 0.158         
Treatment*Status 1.50 12, 122 0.70 0.134         
 Treatment Status Treatment*Status 
Dependent variable F df MS p F df MS p F df MS p 
Oocytes 1.59 3 44.64 0.198 4.28 1 120.25 0.041 0.30 3 8.38 0.833 
Eggs 1.58 3 52915.35 0.202 0.21 1 6927.28 0.652 0.57 3 19081.93 0.641 
Larvae 21.66 3 167.01 0.193 3.31 1 334.26 0.067 0.89 3 89.57 0.452 
Pupae 0.48 3 440.65 0.699 0.22 1 203.63 0.642 0.34 3 329.20 0.781 
Generalized linear model            
  df Wald F2 p  df Wald F2 p  df Wald F2 p 
Male pupae  3 8.82 0.083  1 0.43 0.510  3 5.32 0.154 
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Figure 3.3. Boxplots of the reproductive output (eggs, larvae and pupae) of colonies after 70 days 
under four different treatments (n=10 per treatment). Graph F shows reproductive output 
(measured as number of oocytes in each queen) for uninfected (white bars) and infected (black bars) 
queens within each treatment. Boxes show median with upper and lower quartiles, the whiskers show 
minimum and maximum values, outliers are more than 3/2 times of upper quartile. 
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queens of the ant Lasius niger, but not in mated queens of the closely related species 
Formica selysi. It is possible A. gracilipes does not experience immune priming, or that 
A. gracilipes does not experience it in response to M. anisopliae specifically, as immune 
priming can be specific to certain pathogen species or even strains (Roth et al. 2009; 
Reber and Chapuisat 2012). Though M. anosopliae is cosmopolitan and a common 
entomopathogen of leaf-cutting ants in Central and South America (Hughes et al. 2002; 
Hughes and Boomsma 2004; Jaccoud et al. 1999), it is unknown whether A. gracilipes 
would encounter this fungus naturally in Australia or in its native range.     
 
Treatment with antibiotics also had no effect on reproductive output, which may be 
attributed to one of three explanations. First, perhaps too few queens from the sample 
population were originally infected to observe a difference in reproductive output. 
Second, it is possible that the putative infection identified in Chapter 4 is not fungal. 
(This is, in fact, the case. The “black spots” are in fact melanized nodules, an innate 
cellular immune response in insects. Though a fungus could have caused the melanized 
nodules, they do not confirm an active infection.) The antibiotics chosen for this 
experiment are efficacious against fungi, but not bacteria or other pathogens (Inouye et 
al. 2006).  Finally, it is also possible that the antibiotics may not have been ingested by 
the queens. Like the majority of ant species, A. gracilipes queens do not forage for 
themselves, but are instead fed by the workers, so though workers were observed feeding 
on the treated food, they may not have passed it on to the queens.  
 
It is interesting that the reproductive output of colonies that suffered queen mortality did 
not differ from colonies with a full complement of queens. This result suggests that 
queens do not share in reproduction equally, or that queens adjust their egg-laying rate in 
the presence of other queens (Heinze and Keller 2000; Holldobler and Wilson 1990; 
Ruppell et al. 2002). The latter explanation is more likely, as examination of queen 
ovaries did not suggest a dominant female. This ability to adjust reproductive output 
depending on the number of co-habiting queens has been found in other ant species 
(Holldobler and Wilson 1990; Schrempf et al. 2011); however, it has never been 
demonstrated for A. gracilipes.   
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I found the same negative relationship between infection status and oocyte number that I 
have documented elsewhere (see Chapter 4), but there was no relationship between 
infection status and overall colony reproductive output. This result is perhaps 
unsurprising considering only 20% of dissected queens in this experiment were infected 
by the putative pathogen. Additionally, I was not able to measure the reproductive output 
of each individual queen: only the colony’s total output. This result supports the idea that 
uninfected queens can compensate for low reproductive rates in nest-mates. Originally, I 
had planned to have a second treatment level, with colonies from populations with high 
and low levels of infection. Unfortunately, it proved impossible to collect enough queens 
from the highly infected population to do this. Though the antibiotic treatment may have 
had an effect had a higher number of infected queens been present, it is also possible that 
the majority of queens would have had to have been infected for this to be the case. The 
ability for queens to adjust their reproductive output in response to other queens may 
mask effects of pathogens in polygynous colonies. This result is supported by the fact 
that a very high density site like H1 can have 15% of queens infected and still be 
expanding. It is possible that a difference in net reproductive output would not be seen 
unless the infection rate among queens was exceedingly high.  
 
These experiments do not rule out the possibility of the presence of a fungal pathogen 
affecting queen reproductive output in A. gracilipes. It is possible that a negative effect 
would only be seen if the queens were both infected and otherwise stressed. The 
susceptibility of insects to pathogens is often significantly affected by stressors such as 
temperature, poor nutrition and starvation (Ben-Ami et al. 2010; Donegan and Lighthart 
1989; Jouvenaz and Kimbrough 1991; Lord 2010). Solenopsis invcta virus-1 is 
asymptomatic under ideal conditions, but causes significant mortality when the host is 
stressed (Oi and Valles 2009). Briano and Williams (1997) found that starved colonies of 
Solenopsis richteri that were infected with the microsporidian Kneallhazia solenopsae 
succumbed faster than starved uninfected colonies. The effect of the microsporidian was 
significantly faster when colonies were maintained at 28qC versus 21qC. In my 
experiment, A. gracilipes colonies were held between 24qC and 26qC, which is 
considered the ideal daytime temperature range for this species (Hoffmann 2014).  
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Perhaps the treatments would have had a different effect had the ants been held at 
different temperatures, been fed less, or been affected by some other form of stress.  
 
3.6. In Retrospect… 
If I were able to do this experiment again, I would do several things differently. In the 
absence of colonies from a highly infected population, I would forego the antibiotic 
treatment altogether and instead have a treatment that artificially stresses the colonies, 
such as starvation or altered temperatures. Queens would have been isolated for 48 hours 
instead of 24 hours, to decrease the odds of spores being removed by the workers. I chose 
24 hours because A. gracilipes queens stop laying eggs permanently when deprived of the 
company of workers for too long (B. Hoffmann, personal communication). Each colony 
would have had a single queen so compensation would not have been an issue. 
Additionally, I would have counted the number of larvae and pupae (eggs are too small to 
count with the naked eye) bimonthly to investigate if there was an early temporary effect 
of either treatment, such as was found by Calleri et al. (2006). Finally, the viability of the 
Metarhizium spores would have been tested by inoculating additional queens with a 
higher concentration of spore solution and monitoring survival, as I do in Chapter 4. 
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Chapter 4: Pathogen-related reduced oocyte production in 
Anoplolepis gracilipes queens in Arnhem Land, Australia 
 
4.1. Abstract 
Anoplolepis gracilipes has been classified as one of the six most widespread and 
abundant invasive ant species. Populations of this invader in Arnhem Land, Australia 
have been observed to decline, but the reasons behind these declines are not known. In 
the interest of finding a potential mechanism or reason for these declines I investigated if 
there is evidence for a pathogen that could be responsible for killing ant queens or 
affecting their reproductive output. I measured queen number per nest, fecundity and fat 
content of queens from sites classified as low, medium and high-density A. gracilipes 
infestation areas. I found no statistically significant difference in any of these variables 
between site categories. However, 23% of queens were found to have melanized nodules, 
a cellular immune response, in their ovaries and fat bodies. Nodule presence was not 
related to ant population dynamics at each site (declined, declining or expanding). 
However, queens with nodules had 22% fewer oocytes in their ovaries on average. 
Triggers of nodule production in A. gracilipes queens were experimentally tested by 
injecting queens with fungal spores, bacterial lipopolysaccharides, or saline solution. 
Melanized nodules were only produced in response to fungal spores. The melanized 
nodules found in dissected queens are highly likely to indicate the presence of pathogens 
or parasites capable of infecting A. gracilipes. Though this microorganism is as yet 
unidentified, this is the first recorded incidence of a pathogen or parasite of the invasive 
ant A. gracilipes.  
 
4.2. Introduction 
Insects are host to diverse microbial communities (Dillon and Dillon 2004; Anderson et 
al. 2011). These microbes may be mutualistic, such as lactic acid bacteria in Apis 
mellifera, which appear to aid in host defense against pathogens (Vasquez et al. 2012; 
Koch et al. 2012). The microbial community may also be pathogenic (Schmid-Hempel 
1998). Pathogens can negatively affect reproduction in insects (Calleri et al. 2006; Dunn 
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et al. 2012), with symptoms including low energy reserves, and reduced fertility. Low fat 
content alone can impact survival; for example, ants with a lower fat content have been 
found to be less able to survive physiologically stressful conditions (Elmes et al. 1999). 
The fat content of an adult insect is an indicator of general health (Fellous and Lazzaro 
2010). The size of the fat body, which can be estimated by measuring fat content, is also 
linked to immunity (Fellous and Lazzaro 2010).  
 
Pathogens can affect colony health via the queen, either by killing the queen directly, or 
negatively affecting her reproduction. The microsporidian, Kneallhazia solenopsae, has 
been shown to cause a reduction in colony size in fire ants, potentially by destroying the 
fat bodies of queens, thereby reducing their fertility (Briano et al. 1995b). In A. mellifera 
colonies in Australia, the most common cause of death of larval queens is the Black 
queen cell virus (BQCV) (Nguyen et al. 2011) and Valles et al. (2013) found Solenopsis 
invicta queens infected with Solenopsis invicta virus-3 (SINV-3) had fewer eggs in their 
ovaries than uninfected queens.  
 
In many social insects, the queen is the sole reproducing female in the colony. She alone 
produces workers, which are responsible for all the other tasks essential for colony 
functioning such as brood care, colony defense, and foraging (Alaux et al. 2011). In 
polygynous ant species population size and spread is usually positively correlated with 
queen number (Ingram 2002). Therefore low queen numbers could constrain colony 
growth and expansion (Nonacs 1991). Low queen numbers may be due to queen 
mortality or low queen production (old queens are not replaced). Greenburg et al. (1985) 
found that the number of queens in S. invicta colonies correlated negatively with the 
number of eggs laid per queen, but correlated positively with total number of eggs 
produced per colony.  
 
Social insects, like other social animals, are thought to be particularly vulnerable to 
disease because of their extremely close living conditions and increased pathogen 
transmission rates (Schmid-Hempel 1998). Colonies may host diverse pathogen 
communities. These pathogen communities are especially well studied in A. mellifera, 
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with colony collapse disorder and the myriad of pathogens associated with it as the 
classic example (Cox-Foster et al. 2007; Oldroyd 2007; vanEngelsdorp et al. 2009). 
Other hymenopteran species may also harbour many pathogens and parasites that affect 
their population dynamics (Briano et al. 1995c, 2002; Cameron et al. 2011). Pathogens of 
invasive species are of particular interest because of their potential role in biocontrol (Oi 
and Valles 2009; Valles et al. 2012; Lester et al. 2015; Sébastien et al. 2015). The most 
well-studied invasive ant species, S. invicta, has over 40 identified pathogens and 
parasites (Oi and Valles 2009). Most of these pathogens were discovered by exploring the 
native range (Allen and Burne 1974; Oi et al. 2015). The native range of an invasive 
species, however, is not always known. For example, Anoplolepis gracilipes (another 
invasive ant species, prevalent in the Pacific region) is hypothesized to come from 
Southeast Asia, but this has not been confirmed (Wetterer 2005; Drescher et al. 2011). 
Some preliminary studies have been done to identify the microorganisms this ant 
harbours (Sébastien et al. 2011; Gruber 2012) but no pathogens or parasites for this 
invasive ant have so far been described.  
 
Here, I investigated observed population declines in the invasive ant A. gracilipes in 
Arnhem Land, Australia. The nature of these observed population declines, the lack of 
worker symptoms and the slow rate of decline, led to the hypothesis that if a pathogen 
was involved, it was affecting the queens, either through direct mortality, and/or reducing 
their reproductive output (Cooling and Hoffmann 2015). To investigate this hypothesis, I 
first selected three types of populations (low, medium and high-density) for study based 
on a combination of spatial surveys, population abundance and historical observation. 
This classification of population type will be used for the comparison of several factors in 
this chapter and Chapter 5. I then compared: 1) queen number, 2) fecundity, and 3) fat 
content between nests and queens from the three types of populations. I hypothesized that 
low and medium-density populations would have significantly fewer queens per nest, and 
those queens would have a lower reproductive output and reduced energy reserves than 
queens from high-density populations. 
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4.3. Experimental Methods 
4.3.1. Site selection 
Site selection was determined by two factors: the present density of A. gracilipes 
populations at each site, and each site’s history of A. gracilipes population decline or 
expansion (B. Hoffmann, personal observation; Cooling and Hoffmann 2015). Density 
was determined using a combination of surveying to determine the spatial extent of each 
population and pitfall trapping to examine A. gracilipes abundance. I selected six study 
sites that had A. gracilipes populations in various stages of decline and had never had ant 
management, such as with the use of toxic baits (Figure 4.1). The low-density 
populations (L1, L2) were all that remained of much larger populations that had declined 
substantially in the past 5 years (B. Hoffmann, personal communication). The medium-
density populations (M1, M2) covered a much wider area than the low, and had higher 
abundances. These populations appeared to be stable, but also once belonged to larger 
populations in which some decline had been observed. The high-density populations (H1, 
H2) were expanding, and covered a large area with abundances that were several order of 
magnitudes higher than the low and medium density populations. Though sites M1 and 
M2 and H1 and H2 are very close together they can still be considered independent from 
each other, because the maximum foraging range of an A. gracilipes worker is 35 m (B. 
Hoffmann, unpublished data). The above populations are separated by 400 m and 450 m 
respectively, so there is almost certainly no mixing of workers between sites. Likewise, in 
Arnhem Land, A. gracilipes queens do not partake in nuptial flights. Instead, they appear 
to mate inside their natal nest and either stay there or walk a maximum of a couple dozen 
metres away to form new nests nearby (Hoffmann 2015). Therefore, there is no genetic 
input from geographically separated populations either. 
 
4.3.2. Site surveys 
In late July of 2013 and 2014, I and a crew of five to eight trained volunteers 
(Conservation Volunteers Australia) mapped four different A. gracilipes populations 
(Figure 4.1). Mapping and subsequent re-surveys of populations were conducted by 
visual assessments of the presence/absence of A. gracilipes workers. These assessments  
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Figure 4.1. Inset of Australia and map of Arnhem Land showing study site locations (red squares) 
and town of Nhulunbuy. L denotes low-density populations, M medium-density and H high-density. 
Sites M1 and M2 are 450 m apart and H1 and H2 400 m apart and are distinct populations. 
 
were conducted between 0600-0930 and 1530-1830, when high temperatures do not 
greatly hinder A. gracilipes activity in these areas (Hoffmann 2015). Assessments were 
conducted by teams of people walking in parallel, commencing in any direction from the 
original A. gracilipes detection point. Assessments were conducted haphazardly, 
approximately one per every 2 m. Point-level GPS data were collected at each assessment 
point, A. gracilipes was recorded as present or absent. Two study sites (H1, H2) were not 
mapped because 1) these sites have very abundant, dense A. gracilipes populations and 
every point taken would be a “present” point, and 2) these sites were on the Rio Tinto 
minesite, which made surveying unfeasible. At sites where the A. gracilipes population 
was very widespread and therefore too time-consuming to map in its entirety, a sub-
section of the population (200 m x 100 m) was mapped in the area where I had previously 
sampled (see white polygons in Figure 4.3).  
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4.3.3. A. gracilipes abundance 
In addition to mapping distribution, I also measured abundance at all six sites using 
pitfall traps. Traps were placed at each site on August 19th 2013 and July 24th and 25th 
2014 and left for 48 hours. There were four plots in each site, separated by at least 10 m. 
Plots were placed in areas where crazy ants were seen to be present. Within each plot, 
five pitfall traps were placed one metre apart and arranged in a cross shape. A mixture of 
1:1 ethylene glycol and water was used as a preservative, and each trap was filled 2/3 
full. Pitfall traps were 5.5 cm high and 4.5 cm across. After collection A. gracilipes were 
removed and counted. All other ant species were removed, stored in 70% ethanol and 
taken to the CSIRO Tropical Ecosystems Research Laboratory where they were 
identified to species and functional group (Andersen 1995; see appendices for results on 
local ant communities). Pitfall traps were pooled for each plot (Krushelnycky and 
Gillespie 2008). A univariate general linear model was used to compare A. gracilipes 
abundance between sites and years. Anoplolepis gracilipes abundance was log 
transformed to meet assumptions of normality before analysis. The univariate general 
linear model was run in the program IBM SPSS Statistics v 22.0.0.0.  
 
4.3.4. Nest density and queen number  
Queens were collected in February 2013 and 2015. Each year, three 30 m transects 
spaced a minimum of 30 m apart were randomly placed at each site. I searched a 1 m2 
area along the entire transect length by scraping away litter with a trowel and moving 
rocks and logs. I excavated every A. gracilipes nest I found and counted and collected the 
queens. A nest was defined as having workers and eggs, larvae or pupae present. A 
congregation of workers without the presence of eggs, larvae or pupae was not 
considered a nest. I considered a nest completely excavated when the flow of workers 
exiting the nest had stopped and no queens had been found for at least 10 minutes. To 
control for the effect of environmental differences between sites, at each nest and every 5 
m mark, starting at 0 m along a transect, I measured the canopy cover (%), litter cover 
(%), number of Acacia plants over 0.5 m tall, number of Eucalyptus plants over 0.5 m 
tall, rock cover (%), deadwood cover (%) and litter depth (average of 3 measurements) in 
a 1 m2 area with the nest at the centre.  In sites where no, or very few, nests were found 
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along transects, the surrounding area was searched intensively to locate additional nests. 
Environmental factors for these nests were measured in the same manner as described 
above. All queens were collected and stored in RNAlater Stabilization Solution (Life 
Technologies, Auckland, New Zealand) for later dissection and pathogen testing. All ants 
were first chilled in a fridge at 4°C for 1.5 hours, then placed into RNAlater alive for 
optimal preservation (RNAlater Handbook 2006). The vials of RNAlater were left at 
room temperature for 24 hours before being placed in the fridge or freezer to allow the 
liquid to permeate the tissue. An additional 16 queens were randomly collected in 
February 2014 (8 from L1, 8 from M2). These queens were included in the fecundity 
analysis only. 
 
Generalized mixed effect models with Poisson distributions were used to test if any of the 
environmental variables affected queen number per nest and nest presence. Site, transect 
and year were random effects, with transect nested within site. Population type (whether 
the nests came from a low, medium or high-density population), canopy cover, litter 
depth, litter cover, number of Acacia present and number of Eucalyptus present were 
random effects.  
 
4.3.5. Fecundity 
To investigate reproductive output, I dissected 278 queens (74 from low density; 103 
from medium density; 101 from high density; 143 from 2013; 16 from 2014; 119 from 
2015) and counted ovariole number, the number of mature oocytes and length of longest 
basal oocyte (to the nearest 10 µm). These variables are indicators of egg laying rates in 
ants (Dalecky et al. 2005). The rest of the gaster contents were placed in water and frozen 
for the fat content analysis. Before dissection, I measured head width and gaster width to 
the nearest 0.05 mm with an ocular micrometer mounted on a dissecting scope. Head 
width is a standard and accurate measure of overall body size (Holldobler and Wilson 
1990; Kaspari 1993) and gaster width is a measure of egg-laying capacity in ants 
(Dalecky et al. 2005). While dissecting, I discovered that some queens had melanized 
nodules in their ovaries and fat bodies (Figure 4.2). A Poisson generalized mixed effect 
model was used to test which variables affected oocyte number. Site, nest, and year were  
4. Pathogen-related reduced oocyte production in A. gracilipes 
 43 
 
Figure 4.2. Ovaries from a queen with nodules. The ovary on the right contains melanized nodules 
(circled in red), the ovary on the left does not. 
 
random effects, with nest nested within site. Nodulation status (whether or not a queen 
had nodules), population type, queen number (how many queens were present in the 
original nest), head width, gaster width, ovariole number and length of longest basal 
oocyte were fixed effects.  
 
4.3.6. Egg laying 
I hypothesized queens from high-density sites would have higher egg laying rates than 
queens from medium and low-density sites. To test this hypothesis I experimentally 
compared egg laying rates between queens from the different sites. Egg laying was 
measured in February 2013. Twenty queens from all six sites were tested. Only ten and 
seven queens were found from each low-density site respectively. Unfortunately, three of 
the seven queens from L2 were attacked and killed while in the laboratory by the tiny 
invasive ant Monomorium floricola during testing. M. floricola was able to enter the 
collection jars, from which A. gracilipes could not escape. The egg laying rate was 
measured in queens by placing one queen and three workers in a collection jar (5.5 cm 
high and 4.5 cm across) containing a 1 cm thick layer of damp plaster. The jar sides were 
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coated in Insect-A-Slip (Bioequip Products, USA) to prevent ants escaping, and the 
outside of the jar wrapped in white paper. Ants were maintained at approximately 25°C ± 
2°C, and kept in constant darkness to simulate conditions inside the nest. Ants were put 
in the jar within 3 hours of collection. After 24 hours the ants were removed and eggs 
counted. The ants were not fed during this time. Preliminary tests showed that worker 
presence was critical for egg laying to occur and that 24 hours was a reasonable amount 
of time to observe egg laying. To compare the number of eggs laid between queens from 
the three different site classifications, I used a Kruskal-Wallis H test, as the data was not 
normally distributed.  
 
4.3.7. Energy reserves  
I measured fat content of queens collected in February 2015 using a petroleum ether 
extraction following the methods of Richards and Packer (1994). During queen 
dissections (discussed above), the fat bodies were isolated from the queen, collected in 
water and frozen at -20qC until processing. The fat samples were then placed in a drying 
oven at approximately 65qC for 10 days until their weight stabilized. The samples were 
weighed on a Kern ABT 220-4M analytical balance to the nearest ten thousandth of a 
gram four times over 2 days. After that, 2 mL of petroleum ether was added to each 
sample. Samples were left for 5 days, at which point the fat had dissolved into the 
petroleum ether. The remaining petroleum ether was carefully decanted from each sample 
into another container to remove the dissolved fat. Samples were then placed in a drying 
oven at 65qC for a further 10 days. Samples were then reweighed, with the difference 
between the initial and final weight taken to be the amount of fat each queen possessed. 
A generalized mixed effect model with a Gamma distribution and log-link function was 
used to test which variables affected fat content. Site and nest were random effects, with 
nest nested within site. Nodulation status, population type, their interaction term, queen 
number (how many queens were present in the original nest), and head width were fixed 
effects.  
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4.3.8. Immune experiment 
In order to have supporting evidence that the black spots were indeed a cellular immune 
response, I injected ants with various substances to test if they formed similar nodules. 
On February 14th 2015, 60 queens were collected from high-density site 1 (H1). This area 
was selected as a collection site because it was one of only two sites (H1 and H2) that had 
high enough population abundances to collect the necessary number of queens. Queens 
were collected by turning over large rocks and carefully gathering visible queens by 
hand. Sixty queens were collected and injected one day, then two days later another 40 
were collected and injected.  
Within 5 hours of collection, queens were placed in a plastic container and chilled in a 
fridge at 4qC for 90 minutes. There were four treatments in this experiment: sham 
(queens were handled, but not injected with anything), injection with phosphate buffered 
saline solution (PBS), lipopolysaccharides (LPS), or spores of the entomopathogenic 
fungus, Metarhizium anisopliae (BiocaneTM Granules, Becker Underwood, Australia) 
(hereafter referred to as the fungal treatment). LPS is a significant outer surface 
membrane component of Gram-negative bacteria and is known to induce an immune 
response in many eukaryotic organisms including insects and humans (Aubert and 
Richard 2008). The LPS treatment consisted of a 500 ug ml-1 LPS solution (from 
Escherichia coli serotype 055:B5, Sigma). This dose was chosen based on previous 
literature. Korner and Schmid-Hempel (2004) challenged the immune system of Bombus 
terrestris by injecting bees with LPS; while Aubert and Richard (2008) injected LPS into 
the similarly sized ant, Formica polyctena. Queens were randomly assigned to a 
treatment (sham, saline, LPS or fungus). Metarhizium anisopliae is a common fungal 
pathogen of insects, and often used as an experimental pathogen of ants and termites 
(Chapter 3; Hughes and Boomsma 2004; Calleri et al. 2006; Konrad et al. 2012; Reber 
and Chapuisat 2012). The fungal treatment was made up of M. anisopliae spores mixed 
with PBS to get a final concentration of 106 spores ml-1. This concentration was chosen 
based on similar studies in the literature and adjusted appropriately for the size of A. 
gracilipes queens (Dean et al. 2002; Mullen and Goldsworthy 2006). The spore 
concentration was quantified using a haemocytometer. The volume of the injection was 
1.5 µL for all treatments; I measured 1.5 µL of the appropriate mixture out with a pipette. 
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This volume was pippetted onto a glass slide, then taken up using a 1 mL syringe with a 
27-gauge needle. Under a dissecting scope (10X), 1.5 µL of PBS, LPS or fungus was 
injected into the abdominal cavity by slipping the needle in between the 2nd and 3rd 
gastral tergite into the abdominal cavity of the queens. After being injected, the queen 
was moved to a holding chamber that contained one small moist plaster block to provide 
humidity. After 24 hours, the queen was removed, chilled at 4qC for 90 minutes then 
placed alive into 2 ml of RNAlater (Mullen and Goldsworthy 2006). Vials were kept at 
room temperature for 36 hours to allow the RNAlater to permeate the ants’ tissue, and 
then refrigerated at 4qC. Twenty-five queens were used for each of the four treatments. 
Queens were dissected under a high-powered dissecting scope to check for the presence 
of nodules.  
 
A Kruskal-Wallis test was used to test the difference in nodule formation between 
treatment groups. Statistical significance was assumed at p < 0.05. 
 
4.3.9. Fungal survival experiment 
To test the viability of the M. anisopliae spores used in the immune experiment, I 
inoculated queens and measured queen survival time between different treatments. 
Metarhizium anisopliae spores (BiocaneTM Granules, Becker Underwood, Australia) 
were mixed with sterile 0.05% Tween 20 to produce a solution with a final concentration 
of 109 spores ml-1. Spore concentration was quantified using a haemocytometer. This 
dose was chosen as a lethal dose based on the literature (Konrad et al. 2012), and 
adjusted to be appropriate for the size of A. gracilipes queens. On Feb 14th 2015 18 
queens were inoculated, 8 with 3 µL of 109 spore solution and 10 with 3 µL of 0.05% 
Tween 20. Thirty additional queens were collected from the same area on Feb 17th and 15 
assigned to each treatment group. Solutions were applied topically directly to the gaster 
and ants were dried by blotting carefully with a kimwipe to prevent queens from 
becoming stuck to the container surface via surface tension. Queens were placed in a 
clear plastic container with a damp plaster block and survival was checked and recorded 
every 24 hours for 9 days. Queens may survive for several weeks in the absence of food 
and workers so long as humidity is maintained (B. Hoffmann, unpublished data). 
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A Kaplan-Meier Survival Curve and Log Rank statistic were used to estimate survival 
and compare it between the two treatments.  
 
All generalized mixed effect models were run using the package lme4 (Bates et al. 2015). 
All statistical analyses were done in R v.3.0.2 (R Core Team 2013). 
 
4.4. Results 
4.4.1. Site surveys 
Anoplolepis gracilipes abundance and density varied greatly between sites of the three 
population types. The number of “presence” points recorded at the low-density sites was 
an order of magnitude greater than at the medium-density sites (Table 4.1, Figure 4.3, 
4.4. 4.5).  
 
Table 4.1. Site location (WGS84 decimal degrees), size of site and number of GPS points taken each 
year. H denotes high-density sites, M medium-density sites and L low-density sites. 
Site Latitude Longitude Area 
(m2) 
“Absent” 
points 
2013 
“Present” 
points 
2013 
“Absent” 
points 
2014 
“Present” 
points 
2014 
H1 -12.286531 136.869870 20 000 - - - - 
H2 -12.291767 136.872887 20 000 - - - - 
M1 -12.260974 136.833686 20 000 609 460 864 109 
M2 -12.259746 136.825716 20 000 246 591 419 317 
L1 -12.339775 136.889406 34 150 1454 34 1425 6 
L2 -12.270554 136.793249 88 320 3776 35 3402 7 
 
The total number of A. gracilipes collected in pitfall traps across all sites and years was 
34 656. Ninety-six percent of these were from the two high-density sites, while the 
medium-density sites accounted of 3% of total collected A. gracilipes workers and the 
low-density sites 1% (Figure 4.6). Anoplolepis gracilipes abundance was significantly 
different between sites overall (F= 87.851, p< 0.001); however, sites with the same 
population type did not differ from each other (Table 4.2 for pairwise comparisons). Site 
L1 did not differ significantly in A. gracilipes abundance from sites M1 or M2 (Tukey 
test, p > 0.05); however, as sites M1 and M2 both had approximately 1300% more 
presence points than site L1, I believe the different classifications are still applicable. 
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Abundance of A. gracilipes did not differ significantly between years (F= 0.052, p= 
0.426). 
 
Figure 4.3 Medium-density site 1 (M1) (right) and medium-density site (M2) (left) showing the A. 
gracilipes population as mapped in 2009, 2013 and 2014. The white polygon indicates the same area 
on all three maps, as well as the location of the 200 m x 100 m sub-sampled area of my study sites on 
all three maps. 
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Figure 4.4. Low-density site 1 (L1) showing the A. gracilipes population as mapped in 2012, 2013 and 
2014. The white polygon indicates the same area and the location of my study sites on all three maps. 
 
4.4.2. Nest density and queen number 
A total of 171 nests were excavated (Table 4.3). Of these, 61% had queens present, that I 
collected, and of these, 50% had fewer than 4 queens. There was a significant positive 
correlation between population type and nest presence (z= 3.071 p= 0.002), with high-
density sites having the most nests and low-density sites having the fewest (Table 4.4).  
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Figure 4.5. Low density site 2 (L2) showing the A. gracilipes population as mapped in 2007, 2012, 
2013 and 2014. The white polygon indicates the same area and the location of my study sites on all 
three maps. The black rectangle on the 2012 map indicates where GPS data was lost; all lost data 
were A. gracilipes absence points. 
 
Factors not significantly correlated with nest presence were canopy cover (z= 0.549 p= 
0.583), litter depth (z= 1.610, p= 0.107) and litter cover (z= -0.061, p= 0.951) 
Significantly positive correlations were found for the number of Acacia (z= 2.850, p= 
0.004) and number of Eucalyptus (z= 1.967, p= 0.049). Sixty-eight percent of checked 
areas with three or more Acacia present had at least one A. gracilipes nest present, while  
only 41% sampling locations that had two or fewer Acacia had A. gracilipes nests. Fifty-
three percent of checked areas with three or more Eucalyptus present had A. gracilipes 
nests, while 42% of checked areas with two or fewer Eucalyptus present had A. gracilipes 
nests. 
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Figure 4.6. Mean number of A. gracilipes workers r SD in one plot (n=4/site) at each of the two low-
density (light grey bars), medium-density (dark grey bars) and high-density (black bars) sites. 
Anoplolepis gracilipes abundances are shown for two sampling years at each site, 2013 (solid colour 
bars) and 2014 (speckled bars). The y-axis has been split to accommodate the number of A. gracilipes 
workers collected in high-density sites, whose abundances were two orders of magnitude higher per 
plot than in medium and low-density sites. 
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Table 4.2. Bonferonni-corrected Tukey test pairwise comparisons of A. gracilipes abundance between 
sites. 
Site1 Site2 Mean diff. 
(site1-site2) Std. Error p 
      95% CI 
          Lower         Upper 
H1 H2 0.330 0.141 0.379 -0.114 0.774 
 M1 1.621 0.141  <0.0001 1.177 2.065 
 M2 1.709 0.141 <0.0001 1.265 2.153 
 L1 1.943 0.141 <0.0001 1.499 2.388 
 L2 2.334 0.141 <0.0001 1.890 2.778 
H2 H1 -0.330 0.141 0.379 -0.774 0.114 
 M1 1.291 0.141 <0.0001 0.847 1.735 
 M2 1.379 0.141 <0.0001 0.935 1.823 
 L1 1.614 0.141 <0.0001 1.170 2.058 
 L2 2.004 0.141 <0.0001 1.560 2.448 
M1 H1 -1.621 0.141 <0.0001 -2.065 -1.177 
 H2 -1.291 0.141 <0.0001 -1.735 -0.847 
 M2 0.088 0.141 1.000 -0.356 0.532 
 L1 0.323 0.141 0.424 -0.121 0.767 
 L2 0.713 0.141 <0.0001 0.269 1.157 
M2 H1 -1.709 0.141 <0.0001 -2.153 -1.265 
 H2 -1.379 0.141 <0.0001 -1.823 -0.935 
 M1 -0.088 0.141 1.000 -0.532 0.356 
 L1 0.235 0.141 1.000 -0.209 0.679 
 L2 0.625 0.141 <0.0001 0.181 1.069 
L1 H1 -1.943 0.141 <0.0001 -2.388 -1.499 
 H2 -1.614 0.141 <0.0001 -2.058 -1.170 
 M1 -0.323 0.141 0.424 -0.767 0.121 
 M2 -0.235 0.141 1.000 -0.679 0.209 
 L2 0.390 0.141 0.134 -0.054 0.834 
L2 H1 -2.334 0.141 <0.0001 -2.778 -1.890 
 H2 -2.004 0.141 <0.0001 -2.448 -1.560 
 M1 -0.713 0.141 <0.0001 -1.1572 -.2692 
 M2 -0.625 0.141 0.001 -1.069 -0.181 
 L1 -0.390 0.141 0.134 -0.834 0.054 
 
Table 4.3. Population type, number of queens dissected with the percentage of queens with nodules in 
brackets, total number of nests excavated and nest density per site 
Site     Population type % queens with          
nodules      
(Queens dissected) 
Total nests 
excavated 
Nests/10m2 ± SD 
L1 Low-density 18 (34) 13 < 0.01a 
L2 Low-density 5 (40) 14 < 0.01a 
M1 Medium-density 3 (30) 21 0.9 ± 0.9 
M2 Medium-density 47 (73) 33 1.0 ± 0.8 
H1 High-density 23 (57) 43 2.6 ± 1.1 
H2 High-density 20 (44) 47 2.4 ± 0.8 
aNest density could not be accurately calculated due to paucity of nests
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Table 4.4. A) Results of a generalized mixed effect models testing the effect of population type, canopy cover, litter depth and cover, Acacia number and 
Eucalyptus number on nest presence and number of queens per nest. Random effects were site, year and transect. B) Results of a generalized mixed 
effect model testing the effect of population type, nodulation status (status), the interaction between population type and nodulation status, gaster width, 
head width, queen number per nest (queen number), ovariole number and longest basal oocyte on oocyte number and fat content. Random effects were 
site, year and nest. Please note that due to size constraints, the results for the fixed effects ovariole number and longest basal oocyte are on the last three 
lines. 
A Population type Canopy cover Litter depth Litter cover Acacia # Eucalyptus # 
 ß SE pa ß SE p ß SE p ß SE p ß SE p ß SE p 
Nest presence 0.436  0.141 ** 0.002 0.003 NS 0.039 0.025 NS -0.0002 0.003 NS 0.111 0.039 ** 0.088 0.045 * 
Queen number -0.510 0.199 * 0.007 0.003 * 0.013 0.029 NS 0.006 0.004 NS 0.077 0.032 * -0.014 0.052 NS 
B Population type Status Pop type*status Gaster width Head width Queen number 
 ß SE p ß SE p ß SE p ß SE p ß SE p ß SE p 
Oocyte number -0.113 0.180 ** -0.513 0.106 *** 0.165 0.055 ** 0.006 0.014 NS -0.164 0.045 *** 0.003 0.018 NS 
Fat 14.437 15.600 NS -19.814 85.740 NS 7.164 33.478 NS -5.873 6.258 NS -13.815 42.411 NS -0.061 2.535 NS 
 Ovariole # Longest basal oocyte             
Oocyte number ß SE p ß SE p             
 0.019 0.003 *** 0.175 0.013 ***             
 
a Asterisks indicate a significant effect.  *, p < 0.05; **, p < 0.01; ***, p < 0.001
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Population type had a significant effect on queen number (z= -2.560 p= 0.011), with low-
density sites having more nests with higher numbers of queens. Nineteen percent of nests 
that had queens in low-density sites had five or more queens, while medium-density sites 
had 13% and high-density sites had only 7%. Other factors significantly associated with 
queen number were canopy cover (z= 2.384 p= 0.017) and number of Acacia (z= 2.415, 
p= 0.016). Nests with 50% or more canopy cover had 29% more queens on average than 
nests with less than 50% canopy cover (mean ± SE: 3.32 ± 0.06; 2.40 ± 0.05). Nests 
within 1 m of at least one Acacia had the same likelihood of having queens present as 
those that were not (a 61% chance), but on average nests in close proximity to an Acacia 
had 34% more queens than nests that were not (mean ± SE: 2.19 ± 0.44 vs 1.51 ± 0.20). 
Factors not significantly associated with queen number were litter depth (z= 0.438, p= 
0.661), litter cover (z= 1.652, p= 0.099) and number of Eucalyptus (z= -0.272, p= 0.786).  
 
4.4.3. Fecundity  
A total of 278 queens were dissected, 23% of which had melanized nodules (Table 4.3). 
More than half the queens with nodules were from site M2 (34/65), a medium-density 
site. Oocyte number was significantly associated with nodulation status (z= -4.856, p< 
0.0001) (with queens without nodules having more oocytes in their ovaries) (Figure 4.7), 
head width (z= -3.647 p= 0.0003), number of ovarioles (z= 6.233, p< 0.0001) and largest 
basal oocyte (z= 12.991, p< 0.0001). Across all sites, queens without nodules had on 
average 22% more oocytes in their ovaries than queens with nodules (mean ± standard 
error: 30.73 ± 1.43; 23.97 ± 2.36). Oocyte number was not significantly correlated with 
population type (z= -0.627, p=0.530), queen number (z= 0.190, p= 0.849) or gaster width 
(z= 0.442, p= 0.658). However, there was a highly significant correlation between the 
interaction of population type and nodulation status (z= 3.031, p= 0.002), with the effect 
of nodulation status being most strongly correlated with declining populations. 
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Figure 4.7. Box plot showing the median number of oocytes found in queens without nodules and 
queens with nodules at the three site types. Queens without nodules have significantly more oocytes 
than those with nodules (p< 0.0001, see results). Black X’s indicate the mean. Boxes show median 
with upper and lower quartiles, the whiskers show minimum and maximum values, outliers are more 
than 3/2 times of upper quartile. 
 
On average, queens without nodules from medium-density sites had 38% more oocytes in 
their ovaries than queens with nodules (mean ± SE: 32.48 ± 2.69; 20.94 ± 2.85). Queens 
without nodules from high-density populations had on average 17% more oocytes in their 
ovaries than queens with nodules (mean ± SE: 29.81 ± 2.05; 24.73 ± 3.10), while queens 
without nodules from low-density populations had on average 17% fewer oocytes in their 
ovaries than queens with nodules (mean ± SE: 30.03 ± 2.80; 35.13 ± 11.80). 
 
4.4.4. Egg laying 
There were no differences in egg laying rates among queens from different sites. A 
Kruskal-Wallis H test showed no significant differences between the number of eggs laid 
by queens from low, medium or high-density sites (Χ22= 0.272, p= 0.873; Figure 4.8). 
Only 35% of the 92 queens tested laid any eggs. A Kruskal-Wallis H test excluding 
queens that laid no eggs also found no difference between number of eggs laid between  
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Figure 4.8. Boxplot showing the median number of eggs laid by queens from low-density (light grey), 
medium-density (dark grey) and high-density (black) sites in the laboratory over a 24 period. There 
were no differences in number of eggs laid between the different population types. Boxes show 
median with upper and lower quartiles, the whiskers show minimum and maximum values, outliers 
are more than 3/2 times of upper quartile. 
 
queens of the three different population types (Χ22= 1.005, p= 0.605). A Mann-Whitney 
U test showed no differences in number of eggs laid between queens with nodules and 
queens without nodules (U= 549.500, p= 0.246). 
 
4.4.5. Energy reserves 
Queens had a mean fat content of 3.55 x 10-3 ± 1.33 x 10-4 (mean ± SE). Fat content was 
not significantly correlated with nodulation status (z= -0.231 p= 0.817) (Figure 4.9), nor 
with population type (z= 0.926 p= 0.355), head width (ß= -13.815, z= -0.326 p= 0.745), 
gaster width (z= -0.938 p= 0.348), or queen number (z= -024, p= 0.981). The interaction 
between nodulation status and population type was also not statistically significant (z= 
0.214, p= 0.831). 
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Figure 4.9. Box plot showing the median weight of fat found in queens without and with nodules at 
the three site types. There were no differences in fat content between queens from different 
population type. Boxes show median with upper and lower quartiles, the whiskers show minimum 
and maximum values, outliers are more than 3/2 times of upper quartile.  
 
4.4.6. Immune experiment  
Queens in the fungal treatment had 15% more nodules than queens from the LPS and 
PBS treatments, and 60% more than the sham treatment (H3= 50.736, p< 0.001) (Figure 
4.10, 4.11). Queens from the fungal treatment had 60.04 ± 11.63 (mean ± SE) nodules; 
while queens from the LPS, PBS and sham treatments had 3.96 ± 1.59, 3.86 ± 1.37 and 
0.96 ± 0.39 nodules, respectively. One hundred percent of queens from the fungal 
treatment had at least 5 nodules, while 46% of the LPS treatment had two or more, and 
59% of the PBS and 40% of the sham had at least one. 
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4.4.7. Fungal Survival Experiment 
The queens in the Metarhizium treatment had a mean survival time of 4.68 days (3.85-
5.51 days; 95% CI), while the control group queens had a mean survival time of 8.760 
days (7.69-9.83; 95% CI). A log rank test showed the mean survival time of queens in the 
Metarhizium treatment was significantly less than those in the control group (F21= 
19.989, p< 0.0001, Figure 4.12).  
 
 
 
Figure 4.10. Fat bodies of dissected queens from the four treatments A) sham, B) PBS, C) LPS and 
D) fungal. The red arrows in photograph D are pointing to melanized nodules. 
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Figure 4.11. Boxplot showing the median number of nodules found in each queen after 24 hours. 
Boxes show median with upper and lower quartiles, the whiskers show minimum and maximum 
values, outliers are more than 3/2 times of upper quartile. 
 
 
  
Figure 4.12. Survivorship curves for queens in the control group (solid black line) and Metarhizium 
treatment (dashed line). Queens in the Metarhizium treatment died significantly faster than those in 
the control group (p< 0.0001, see results). 
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4.5. Discussion 
This is the first study to show that A. gracilipes queens can be significantly affected by 
pathogens. Twenty-three percent of queens had melanized nodules in their ovaries or fat 
bodies, which was significantly associated with reduced oocyte number. It is unclear if 
the observed reduction in oocyte number was a direct affect of the invading pathogen, or 
a trade-off in immune response. Though a queen’s immune system may have dealt 
effectively with the invader, such an immune function is biologically expensive and can 
result in physiological trade-offs, at both the individual and colony level (Rolff and Siva-
Jothy 2003; Siva-Jothy et al. 2005). For example, A. mellifera colonies whose members 
mounted a strong immune response to pathogens produced significantly fewer larvae than 
those that didn’t (Evans and Pettis 2005). Mosquitos that have encapsulated micro-filarial 
parasites also have reduced and delayed egg laying (Ferdig et al. 1993).  
 
The production of melanized nodules, or nodulation, is an innate cellular immune 
response in insects (Stanley et al. 2012). When an invading pathogen or parasite enters 
the hemocoel and is not phagocytized by a single hemocyte (the equivalent of white 
blood cells in insects), aggregations of hemocytes will surround the invader, smother it, 
and melanize (Rolff and Siva-Jothy 2003; Stanley et al. 2012). The resulting nodule is 
attached to an organ or the inner body wall where it typically remains for the remainder 
of the insect’s life (Stanley et al. 2012). This response may be induced by bacteria, 
fungus, parasitoid eggs and, in some cases, viruses (Carton et al. 2002; Mullen and 
Goldsworthy 2006; Durmus et al. 2008; Gatschenberger et al. 2013). Bacteria have been 
the most commonly studied pathogen in relation to nodulation response (Stanley et al. 
2012; Gatschenberger et al. 2013).  The nodulation response by hosts to viral challenge 
has been mixed. Azzami et al. (2012) found that injecting A. mellifera larvae and adults 
with Acute bee paralysis virus did not elicit a cellular immune response, though subjects 
did respond to Escherichia coli injection. However, larvae of the endoparasitoid wasp, 
Pimpla turionellae, produced nodules in response to an injection of the Bovine Herpes 
Simplex virus-1 (Durmus et al. 2008).  
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At this time, I do not know what type or types of pathogens attacked the queens in this 
study. In the laboratory experiment I found that A. gracilipes queens developed nodules 
in response to spores of the cosmopolitan fungal entomopathogen M. anisopliae, but not 
to LPS. As mentioned in the previous paragraph Azzami et al. (2012) found that another 
hymenopteran, A. mellifera, produce melanized nodules in response to E. coli, which is 
the same species from which the LPS used in this experiment came from. I am however, 
unaware of any similar studies which have used ants as their test subjects. This lack of 
nodulation in response to LPS does not rule out the possibility the invader was a 
bacterium, as Gram-positive bacteria have a different cell wall component 
(peptidoglycan) and elicit an immune response using a different molecular pathway than 
that for Gram-negative bacteria (Gillespie et al. 1997). A top priority is to discover the 
identity of this pathogen or pathogens. This is one of the goals of my next chapter 
(Chapter 5).  
 
I observed no difference in fat content of queens between sites. It is possible that this 
pathogen or the observed immune response does not affect fat content in A. gracilipes 
queens. Alternatively, it has been shown that Nosema ceranae can cause fat reduction in 
overwintering bees (Baily and Ball 1991). However, Alaux et al. (2011) found that N. 
ceranae infected A. mellifera queens did not differ from uninfected queens in fat content. 
These authors suggested that as workers feed the queen, the queen might be able to 
compensate for the nutritional stress of N. ceranae infection by increasing her food 
demand from the workers. This mechanism may also be the case in A. gracilipes queens, 
which are also fed by workers. Ants are known to store fat during times of high resource 
abundance (Hahn 2006; Lease and Wolf 2011). I collected queens during February, 
which is the peak of the wet season, when resources are at their highest (Hoffmann and 
Saul 2010). It is possible that if queens had been collected in the dry season, when 
resources are scarce and queens may be more likely to be stressed, there may have been a 
noticeable difference in fat content between sites. However, February is one of the few 
months when queens are relatively shallow in the soil (due to increased moisture). It is 
extremely difficult to collect them at other times of the year when they seem to move 
deeper underground (personal observation; B. Hoffmann, unpublished data).  
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There was a significant correlation between population type and queen number per nest. 
Surprisingly, low-density sites had the highest numbers of queens per nest, while high-
density sites had the lowest. This result does not support the hypothesis that queens are 
dying disproportionately at low and medium-density sites compared to high-density sites. 
Low-density sites had much lower densities of nests compared to medium and high-
density sites. Perhaps the population must reach a critical mass before queens colonize 
new nests, as A. gracilipes queens require the attendance of workers to survive 
(Holldobler and Wilson 1990). However, this is the opposite pattern as to what was found 
by Ingram (2002) who found a significant positive correlation between Linepithema 
humile queen number per nest and nest density. It is extremely difficult to document 
queen death in the field because workers frequently dismember and dispose of dead 
queens immediately after death (personal observation). The replacement of dead queens 
by newly produced queens may also mask the depletion of queens. In Arnhem Land, 
however, new queens are only produced at one time of the year: after the wet season 
around September (Hoffmann 2015). The timing of this production means that in 
February, new queens should not be present to obscure functional queen numbers and I 
saw no evidence of this as very few alates were observed.  
 
I found an association between nest presence and queen number, and Acacia presence. 
Anoplolepis gracilipes is known to utilize this plant for its extra-floral nectaries, an 
important source of carbohydrates for this high-energy ant species (Lach and Hoffmann 
2011). Perhaps the close proximity of this food source allows more queens, which have 
high nutritional demands, to be supported. No association between Acacia and A. 
gracilipes abundance was found by Gruber et al. (2012c) in this region. A key difference 
between my work and that of Gruber et al. (2012c) however, was that their study was 
examining worker abundances, not nest presence or queen number.   
 
Like other organisms, insects are constantly exposed to microbial pathogens and other 
parasites; however, few of these encounters result in infection. In this chapter I have 
documented an immune response in A. gracilipes queens to an unknown pathogen or 
parasite. While this work suggests there may be a tradeoff between immune response and 
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oocyte production in A. gracilipes queens, I do not know if the pathogen that caused the 
immune response is still present in the population, or if the queens’ immune system was 
capable of destroying it upon its initial invasion of the hemocoel. If it is still present in 
the population, it is also possible that the pathogen or pathogens are asymptomatic, like 
some Picornavirales RNA viruses which are commonly present as low-level chronic 
infections in hymenopterans like S. invicta and A. mellifera (de Miranda et al. 2010). 
These viruses, such as Solenopsis invicta virus-1 (SINV-1), usually appear to have no 
effect on colony health, though periods of high stress, or other, unknown causes, may 
trigger them to enter an acute-lethal stage (Bailey 1967; de Miranda et al. 2010; Porter et 
al. 2013). 
 
Though I discovered that pathogens or parasites do attack A. gracilipes queens in Arnhem 
Land, it is unclear whether these pathogens are responsible for the observed population 
declines. Nodulation rate was not associated with population type, and the two high-
density sites had the second and third highest nodulation rates after site M2 (23% and 
20% respectively). It would be interesting to monitor the population at the site with the 
most nodulation, site M2 (47% with nodules) in future, to see if it declines. In addition, 
further analyses are needed to determine the nature of the microorganisms contained in 
the nodules. Once potential candidates are identified, Koch’s postulates, as modified for 
microbial pathogenicity, would need to be applied to establish a causative relationship 
between the infection and reduced oocyte production (Fredricks and Relman 1996; Koch 
1876). In the next chapter I suggest possible microbial candidates for organisms within 
the nodules. 
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Chapter 5: A metatranscriptomic survey of Anoplolepis 
gracilipes identifies several potential pathogens 
 
5.1. Abstract 
Populations of invasive species have been observed to decline, though the mechanisms 
behind such declines are rarely elucidated. The microbial community living within 
insects can have significant impacts on their health and population dynamics. Here I use 
Illumina sequencing to compare the bacterial communities and investigate the presence 
of viruses in queens of the invasive ant, Anoplolepis gracilipes, from populations in 
various stages of decline or expansion in Australia. Sequences with homology to the 
Dicistroviridae were present in the data from low and medium-density populations. This 
is the first such instance of a likely virus discovery in A. gracilipes. Though overall 
bacterial communities were not statistically different between the population types, 
several putative pathogens were discovered and are suggested for further study. The 
potential pathogen, Candidatus Rhabdochlamydia, was only found in expanding 
populations. The entomopathogen, Serratia marcescens, was found in significantly 
higher abundance in queens with melanized nodules, making it an excellent candidate for 
the identity of the contents of the nodules found in Chapter 4. The reproductive parasite, 
Candidatus Cardinium, was also found predominantly at one medium-density site. This 
survey has identified several candidates for future study to identify potential microbial 
control agents, and which may be responsible for population declines of this invasive ant. 
 
5.2. Introduction 
Invasive species are one of the greatest threats to biodiversity in the modern era 
(Vitousek et al. 1997). However, invasive species may be vulnerable to disease: both 
diseases they have carried with them from their native range and those they have acquired 
in their new range (Oi and Valles 2015). For example, Solenopsis invicta brought several 
pathogens with it from South America when it invaded North America, such as the 
microsporidian, Kneallhazia solenopsae, which appears to play a role in controlling 
population size of these ants in South America (Briano et al. 1995b, 2005). Alternatively, 
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introduced species may acquire novel pathogens in their new range (Espalader et al. 
2011). For example, Flory and Clay (2013) found that the number of pathogens infecting 
invasive plants was positively correlated to the length of time the plants had been 
established in a region, suggesting these pathogens were obtained in the new range.  
 
The microbiota of an insect can have both positive and negative affects on its health, 
reproduction and longevity (Cox-Foster et al. 2007; Russell et al. 2009; Vasquez et al. 
2012). Mutualistic bacteria have been shown to play a myriad of roles in host physiology, 
such as providing essential nutrients that are lacking in the host’s diet, mediating host 
thermal tolerance, or enhancing pathogen and parasitoid resistance (Brumin et al. 2011; 
Feldhaar 2011; Kaltenpoth et al. 2005; Russell et al. 2009). Beneficial taxa include lactic 
acid bacteria that have been implicated in honey bee health, inhibiting the bacterial brood 
pathogen, Paenibacillus larva (Forsgren et al. 2009; Vasquez et al. 2012). Certain 
microbes, such as Wolbachia, may affect various host species differently (Brownlie and 
Johnson 2009; Wenseleers et al. 1998, 2002). In some cases Wolbachia can cause 
cytoplasmic incompatibility in insects, in which a mating between a Wolbachia-infected 
male and uninfected female is infertile, to the detriment of its host’s population (Tagami 
et al. 2006; Vasquez et al. 2011). Wolbachia, however, may also provide protection 
against viruses. Hedges et al. (2008) found Drosophila melanogaster infected with 
Wolbachia survived for longer when also infected with a range of RNA viruses, than flies 
that harboured no Wolbachia co-infection. Pathogenic microorganisms may also 
negatively affect host population dynamics (Arif et al. 2011; Lacey et al. 2001). Such is 
the case with the bacterial pathogen, Aeromonas hydrophila, which appears to play a role 
in periodic collapses of invasive giant African land snail populations (Simberloff and 
Gibbons 2004). 
 
Though seldom quantitatively monitored, other collapses of invasive species’ populations 
have been recorded (Simberloff and Gibbons 2004). The highly invasive signal crayfish, 
Pacifastacus leniusculus, was found to have collapsed in 41% of surveyed Swedish lakes 
(Sandström et al. 2014). This phenomenon has also been documented in a number of 
invasive ant species including Linepithema humile (Cooling et al. 2012), Pheidole 
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megacephala (Wetterer 2012), and Anoplolepis gracilipes (Cooling and Hoffmann 2015; 
Gruber et al. 2012a; Haines et al. 1994). In most of these cases the mechanisms behind 
the population declines are not understood, but pathogens have been suggested.   
 
Recently, six dicistroviruses have been found in the red imported fire ant, S. invicta 
(Valles 2007; Valles et al. 2009, 2014). Before the discovery of the first virus, SINV-1, 
there were no viruses known to infect ants (Valles 2012), though suspected viral particles 
had been noted (Allen and Buren 1974). However, since that initial discovery several 
viruses have been identified in the invasive Argentine ant, Linepithema humile, and other 
ant species (Johansson et al. 2013; Sébastien et al. 2015; Valles et al. 2012). So far it 
appears that many of these viruses are asymptomatic, at least under normal, non-stressful 
conditions, other viruses may be strongly pathogenic (de Miranda et al. 2010; Porter et 
al. 2013; Valles et al. 2013). It seems likely there are many viruses infecting ant species, 
but before the advent of next-generation sequencing (NGS) they were simply too difficult 
to identify (Valles et al., 2004, 2012).  
 
NGS techniques, such as 454 pyrosequencing and Illumina sequencing have 
revolutionized metagenomic studies and the discovery of microbes such as viruses 
(Caporaso et al. 2011, 2012; Liu et al. 2011). Amplification and NGS sequencing of the 
universal 16S rRNA gene in bacteria has brought new appreciation for the complexity of 
the bacterial community within organisms (Bartram et al. 2011; Fadrosh et al. 2014). 
This technology enables high throughput, swift, relatively inexpensive sequencing for the 
discovery of microorganisms (Johansson et al. 2013). One such use is the identification 
of potential biocontrol agents for invasive pests (Valles et al. 2012; Liu et al. 2011). 
Traditionally, surveys for natural enemies of an invasive species have been done in their 
native range, as an invader may leave many of its parasites and predators behind when it 
is introduced to a new area (Allen and Buren 1974; Keane and Crawely 2002; Oi and 
Valles 2015; Torchin et al. 2003). For example extensive surveys of the native and 
introduced ranges of the invasive ant, S. invicta, have uncovered over 35 natural enemies 
in its native range and only 7 in its introduced range (Oi and Valles 2015). However, in 
cases where the native range of an invader isn’t known, it may be useful to investigate 
5. A metatranscriptomic survey of A. gracilipes 
 67 
unusual behaviour or patterns, such as population declines, which may indicate unhealthy 
populations and presence of pathogens (Valles et al. 2012). 
 
Anoplolepis gracilipes is considered among the most ecologically and economically 
damaging invasive ant species (Holway et al. 2002). In Chapter 2, I documented the 
decline of several A. gracilipes populations. In Chapter 4, I discovered the presence of 
unidentified pathogens capable of penetrating the cuticle of queen A. gracilipes, and 
causing melanized nodules. In this chapter, I compare microbial fauna between queens 
from sites classified as having low, medium and high-density populations of A. 
gracilipes, all of which appear to be in different stages of decline or expansion. These 
population types were chosen based on the hypothesis that the pathogens are contributing 
to the decline of populations, but might be absent from populations that are expanding. 
Here, I investigate 1) if pathogens and mutualists are present in A. gracilipes, 2) if there 
is any evidence that population types differ in their bacterial and viral communities, and 
3) if there is any evidence that queens with melanized nodules have any distinctive 
microbes compared to queens without. 
 
5.3. Methods 
5.3.1. Site selection 
Site selection was determined by two factors: the history of A. gracilipes population 
decline or expansion at each site (B. Hoffmann, personal observation; Cooling and 
Hoffmann 2015), and the present density of their A. gracilipes populations (see Chapter 4 
for density data). I selected six study sites that had A. gracilipes populations in various 
stages of decline and had never had ant management, such as with the use of toxic baits 
(Figure 5.1).  
 
The low-density populations (L1, L2) were all that remained of much larger populations 
that had declined substantially in the past 5 years. The medium-density populations (M1, 
M2) covered a much wider area than the low, and had higher abundances. These 
populations appeared to be stable, but also once belonged to larger populations. The high- 
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Figure 5.1. Inset of Australia and map of Arnhem Land showing study site locations (red squares) 
and town of Nhulunbuy. L denotes low-density populations, M medium-density and H high-density. 
Sites M1 and M2 are 450 m apart and H1 and H2 400 m apart and are distinct populations. 
 
density populations (H1, H2) were expanding, and covered a large area with abundances 
that were several order of magnitudes higher than the low and medium-density 
populations (Chapter 4).  Though sites M1 and M2 and H1 and H2 are very close 
together they can still be considered independent from each other. This is because the 
maximum foraging range of an A. gracilipes worker is 35 m (B. Hoffmann, unpublished 
data) and the above populations are separated by 400 m and 450 m respectively, so there 
is unlikely to be any mixing of workers between populations. Likewise, in Arnhem Land, 
A. gracilipes queens do not partake in nuptial flights. Instead they appear to mate inside 
their natal nest and either stay there or walk away to form new nests nearby (Hoffmann 
2015). Therefore there is unlikely to be genetic input from geographically separated 
populations either.  
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5.3.2. Microbial survey 
Samples of queens were collected from each site in February 2013 (Chapter 4). See 
Chapter 4 methods for details on queen collection. On October 16th and 20th 2014, DNA 
and RNA extractions were done for Illumina sequencing using Qiagen’s DNeasy Blood 
and Tissue, and RNeasy kits following the manufacturer’s protocol.  There were two 
samples from each of the three population types, high-density (H1, H2), medium-density 
(M1, M2) and low-density (L1, L2). Each sample consisted of five queens from as many 
different nests as possible from that population. These queens had been previously 
dissected as part of a previous experiment and were preserved in RNAlater 
Stabilization Solution (Life Technologies, Auckland, New Zealand) (Chapter 4). Queens 
from each site were pooled together before extraction. A Qiagen TissueRuptor was used 
to homogenize the tissue. In order to identify microorganisms that may be contained 
within the melanized nodules discovered in Chapter 4, all queens used in both RNA and 
DNA extractions from site M1 contained melanized nodules. Queens from all other sites 
contained no nodules.  
 
5.3.3. RNA survey 
RNA quality was determined by the presence of an 18S rRNA peak using an Agilent 
2100 Bioanalyzer. The TruSeq stranded total RNA libraries were constructed for each 
sample by New Zealand Genomics Limited (NZGL; University of Auckland, NZ). 
Sequencing of the libraries was conducted by NZGL (University of Otago Genomics and 
Bioinformatics Facility) using a single lane of Illumina HiSeq 2500 (2 X100bp PE).  
 
The Illumina HiSeq sequencing returned just over 65 million reads (65 080 176), with an 
average of 10 846 696 ± 1 897 369 reads per sample (mean ± SD). These were high 
quality reads, as they had an average of 94.6% over a Phred score of Q30. The RNA 
sequences were adapter trimmed and quality trimmed at a probability of 0.01 (Phred 
score of Q20) using the program FastQC 0.11.3 (Andrews 2015). To reduce the chance of 
erroneous sequences overinflating diversity estimates, all reads smaller than 50 bps were 
discarded, as were singletons (reads that had no paired read) with the program SolexaQA 
3.0 (Cox et al. 2010; Lindahl et al. 2013). Transcriptome de novo assembly of paired-end 
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reads was performed with the software Trinity (Grabherr et al. 2013). Reads were 
normalized during the process. After assembly, there were a total of 837 259 reads with a 
mean length of 960 ± 24 bp (mean ± SD). These reads were compared against the NCBI 
nt database using BLASTn with a minimum evalue of 0.0001. Taxonomic assignment of 
the BLAST output was done in MEGAN v. 4.7 using the conservative threshold of Min 
Score= 120 and Top Percent= 10 (Mitra et al. 2011). This filtering process resulted in 
taxonomy being assigned to 425 022 reads. 
Assigned viral sequences with a bit score greater than 100 were then extracted and 
searched with BLASTx against the nr database with the conservative search parameters 
of a minimum evalue of 0.0001, Best Hit algorithm overhang value of 0.25, and Best Hit 
algorithm score edge value of 0.05 (Camacho et al. 2008). Taxonomy was assigned in 
MEGAN using the same conservative threshold as discussed above. 
 
Phylogenetic analyses of the three viral sequences observed from the above analysis 
(TR44839, TR80102, TR17983) were conducted in MEGA v. 6.06 (Tamura et al. 2013) 
after alignment with ClustalW (Larkin et al. 2007). Maximum-likelihood trees with 1000 
bootstrap replicates were generated using the Tamura 3-parameter model for TR44839 
(T92; lnL -1126.878) and TR17983 (T92; lnL -1398.077), and the Tamura 3-parameter 
model with a gamma distribution (T92 + G(0.95); lnL -1409.281) for TR80102 (Tamura 
2002). 
 
5.3.4. 16S survey  
DNA quantity was checked using a Nanodrop, DNA was run on a 1% agarose gel to test 
quality. PCR amplification of the V3-V4 hypervariable region of the16S rRNA gene was 
achieved using Nextera adapter primers provided by NZGL (forward primer 5’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-
3’) and reverse (5’-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCT 
AATCC-3’) (Klindworth et al. 2013). The PCR reactions contained 2.5 uL of template 
DNA, 12.5 uL of 2x KAPA HiFi HotStart Ready Mix and 5 uL of each the forward and 
reverse primers (1 uM) for a total volume of 25 uL. The PCRs were cycled 25 times at 
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95qC for 30 s, annealing temperature of 55qC for 30 s and 72qC for 30 s, with a final 
elongation at 72qC for 5 min. The PCR poducts were then sequenced on a 600 cycle 
Illumina MiSeq (2 X 300bp PE) (MiSeq Reference Guide 2013). 
 
Primers and adaptors were trimmed and paired-end reads joined using PANDAseq, v 2.8, 
which also performs error correction during assembly (Masella et al. 2012). Of the total 
reads, 94.5% were assembled. The final sequence length after primer removal and joining 
was 418 r 4 bp (mean r SD), with an average of 43 668 r 41 723 reads (mean r SD) per 
sample. The remaining 262 009 sequences after joining were further processed and 
analyzed using the program Quantitative Insights Into Microbial Ecology (QIIME, v 
1.9.0). First, de novo chimeric sequences were removed (919 sequences, 0.35% of total 
sequences) after detection with QIIME’s implementation of USEARCH, v 6.1.544 
(Edgar 2010). Sequence reads were clustered into operational taxonomic units (OTUs) at 
97% sequence similarity with the de novo method using USEARCH. A representative 
sequence was then picked for each OTU using the Greengenes 13.8 rep set, and 
taxonomy was assigned, using Greengenes 13.8 taxonomy (McDonald et al. 2012). 
Sequences were aligned against the Greengenes database using PYNAST, v 1.2.2, and 
filtered using the Greengenes lanemask. OTUs with a number of sequences less than 
0.005% of the total number of sequences were discarded (Bokulich et al. 2013). Before 
analyses, bacterial sequence libraries from individual sites were rarified in QIIME to 
2767 reads, which was the size of the smallest sequence library (site M1) (Figure 5.2).  
 
The variation in bacterial diversity at the order level between samples of different 
population types was calculated using an Analysis of Similarity (ANOSIM, with 9999 
permutations). The resemblance matrix was derived using the Bray-Curtis similarity 
index (Clarke 1993). All community data was square root transformed prior to analysis to 
decrease the influence of very abundant species. Differences between samples were 
visualized for the Bray-Curtis analysis using a PCoA plot. The contribution of each 
bacterial order to differences between population types was assessed using SIMPER 
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Figure 5.2. Alpha rarefaction curves for the six 16S samples. Red lines represent low-density sites 
(L1, L2), dark grey lines represent medium-density sites (M1, M2) and black lines represent high-
density sites (H1, H2). 
 
analysis. The ANOSIM, PCoA and SIMPER were run in Primer-E v 6.1.13 & 
PERMANOVA + v 1.0.3 (Clarke and Gorley 2006). Log-likelihood ratio tests, using the 
Bonferroni procedure to correct for multiple comparisons, were used in QIIME to 
identify which bacterial groups differed between population types, and between site M2 
and other sites, for order and genus (Rice 1989).   
 
5.4. Results  
5.4.1. RNA survey 
Ninety-five percent of RNA reads came from eukaryotes, and likely originated from the 
ant host (Figure 5.3). Only 0.004% of 425, 022 total reads were of viral origin. Three 
candidate viral sequences were found from two sites, one from the medium-density site 
M2 and two from the low-density site L2. The sequence, TR44839 (220 bp in length),  
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Figure 5.3. Metagenomic data summary from BLASTn results of RNA data showing taxonomic 
assignment of individual reads for all samples combined. Summary is based on a total of 425 022 
reads. 
 
from M2 (10 hits) matched most closely to helicase of Israeli acute paralysis virus (Table 
5.1). The two sequences from L2, TR17983 (240 bp in length) and TR80102 (282 bp in 
length) (9 hits total), matched most closely to RNA polymerase of Black queen cell virus 
and RNA polymerase of Kashmir bee virus, respectively (Table 5.1). Phylogenetic 
analysis grouped all three viral sequences with the Dicistroviridae family of viruses 
(Figure 5.4).  
 
5.4.2. 16S survey 
Bacterial communities from 30 A. gracilipes queens from 6 sites (n=5 queens per site) 
were characterized using Illumina sequencing (261 039 chimera-checked, quality 
controlled sequences; n= 7707-103 350 per library). An ANOSIM analysis found that at 
the order level, bacterial communities were not significantly different between low, 
medium and high-density populations (R= -0.056, p= 0.533; Figure 5.5). An R value of 
less than zero suggests that dissimilarities are greater within groups than between groups 
(Warwick et al. 1990). Due to the low sample size, these results should be considered 
preliminary. 
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Table 5.1. The 10 closest matches for each viral sequence of interest on GenBank using BLASTn against the nt database. Results are ordered by the 
highest max score for each sequence of interest. Site refers to the sample site the viral sequence was found in.  
Seq ID Site Closest match namea Max score Total score % query 
coverage 
E-value % query 
identity 
Accession # Taxa or description of match 
TR44839 M2 IAPV 171 171 91 4e39 80 EU224280.1 Honey bee (A. mellifera) virus 
  IAPV 166 166 91 2e-37 80 JX045857.1 Honey bee (A. mellifera) virus 
  IAPV 160 160 91 1e-35 79 EU436498.1 Honey bee (A. mellifera) virus 
  IAPV 160 160 91 1e-35 79 EU436481.1 Honey bee (A. mellifera) virus 
  IAPV 160 160 91 1e-35 79 EU436479.1 Honey bee (A. mellifera) virus 
  IAPV 160 160 91 1e-35 79 EU436478.1 Honey bee (A. mellifera) virus 
  IAPV 160 160 91 1e-35 79 EU436473.1 Honey bee (A. mellifera) virus 
  IAPV 156 156 77 2e-34 81 EU436489.1 Honey bee (A. mellifera) virus 
  IAPV 154 154 91 7e-34 79 EU436423.1 Honey bee (A. mellifera) virus 
TR17983  L2 KBV 431 431 100 3e-117 97 KF956377.1 Honey bee (A. mellifera) virus 
  KBV 431 431 100 3e-117 97 HM228889.1 Honey bee (A. mellifera) virus 
  KBV 419 419 100 1e-113 96 AY275710.1 Honey bee (A. mellifera) virus 
  ABPV 62.2 62.2 26 4e06 83 AF486073.2 Honey bee (A. mellifera) virus 
  FEV-1 52.6 52.6 24 0.003 82 KF500001 Ant (Formica exsecta) virus 
  Anabaena variabilis 48.8 48.8 16 0.050 88 CP000117.1 Bacteria genome 
  Alligator sinensis 44.9 44.9 10 0.72 96 XM_006034715.2 Alligator genome 
  Strongyloides stercoralis 44.9 44.9 9 0.72 100 LL999049.1 Roundworm genome 
  Homo sapiens 44.9 44.9 12 0.72 91 AC095056.3 Human genome 
  Oryzias latipes 43.0 43.0 11 2.7 93 HG313992.1 Fish genome 
TR80102 L2 KBV 500 500 100 5E-138 98 AF192404.1 Honey bee (A. mellifera) virus 
  KBV 500 500 100 5E-138 98 AF177935.1 Honey bee (A. mellifera) virus 
  KBV 489 489 100 2e-134 97 AF117308.1 Honey bee (A. mellifera) virus 
  KBV 471 471 100 3e-129 96 AY275710.1 Honey bee (A. mellifera) virus 
  KBV 339 339 98 2e-89 88 KF956377.1 Honey bee (A. mellifera) virus 
  FEV-1 325 325 98 3e-85 87 KF500001.1 Ant (Formica exsecta) virus 
  KBV 314 314 61 8e-82 98 AF232007.1 Honey bee (A. mellifera) virus 
  KBV 308 308 61 4e-80 98 AF233366.1 Honey bee (A. mellifera) virus 
  Cloudy wing virus 308 308 61 4e-80 98 AF034543.2 Honey bee (A. mellifera) virus 
  KBV 302 302 61 2e-78 97 AF135854.1 Honey bee (A. mellifera) virus 
aAbbreveations refer to: Israeli acute paralysis virus (IAPV), Kashmir bee virus (KBV), Acute bee paralysis virus (ABPV), Formica exsecta virus-1 (FEV-1) 
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Figure 5.4. Maximum-likelihood phylogenetic trees (1000 bootstrap replicates) showing the 
relationship of found sequence (A) TR44839 from the medium-density site M2 (B) TR80102 from the 
low-density site L2 and (C) TR17983 from the low-density site L2. Bar in bottom left of each tree 
shows 0.02 changes per nucleotide. The GenBank accession number for each sequence is shown in 
brackets. 
 
One hundred and seventy six unique OTUs (97% sequence similarity), at the genus level 
(Figure 5.6 genus level OTUs), were found across the studied queens (96-155 OTUs per 
sample). In terms of number of sequences, 58% of total sequences came from the phylum 
Proteobacteria (110 372 sequences) (Figure 5.7). The next most prevalent phyla were 
Firmicutes (25 552 sequences), Cyanobacteria (19 372 sequences) and Chlamydiae (11 
802 sequences). For samples from low and medium-density sites, the top 10 most  
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Figure 5.5.  Principal coordinates analysis comparing bacterial communities among samples from 
low, medium and high-density populations.  PCoA based on Bray-Curtis distance values computed 
for A. gracilipes microbial communities at the order level. Ovals are used to enclose all individual 
communities from the same population type. The first and second PCoA axes are shown, and the 
percent of Bray-Curtis distance variation explained by each axis is listed next to the axis labels.  
 
prevalent orders across all samples accounted for over 92.6% of sequences (Table 5.2). 
For high-density sites, however, these 10 orders accounted for only 63.4% of sequences. 
Sequences came from 40 different bacterial orders (Figure 5.8, order level OTUs), all of 
which were found in samples from high-density populations, including 13 orders that 
were only found in high-density populations, such as Chlamydiales which was the most 
prevalent order at expanding sites (24.5% of sequences). Conversely, the top two most 
prevalent orders across all sites, Neisseriales and Pasteurellales, together made up 37.2% 
and 68.3% of sequences in low and medium-density populations, respectively, but only 
0.07% of sequences in high-density populations. 
5. A metatranscriptomic survey of A. gracilipes 
 77 
 
Figure 5.6. Relative abundance of OTUs (97%) at the genus level for each sample site. Values are 
based on rarefied samples. The order each genus belongs to is indicated on the right. The orange bars 
indicate genera that made up less than 1% of the total sample and the red bars are those OTUs that 
were not assigned to any genera. Note the high levels of variation between replicates of the same 
population types.  
 
The SIMPER analysis showed that 90% of dissimilarity between high and low-density 
sites was attributed to 45 bacterial orders, while 50% of the dissimilarity was attributed to 
10 bacterial orders (Table 5.3). Forty-nine bacterial orders accounted for 90% of the 
dissimilarity between high and medium-density sites, with 50% of that dissimilarity was 
attributed to 13 bacterial orders. Similar numbers were found for medium and low-
density sites, with 90% of the dissimilarity accounted for by 38 bacterial orders, and 50% 
of the dissimilarity by 10 bacterial orders.  
 
Genera previously found by Gruber (2012) to differ between sites of low A. gracilipes 
abundance and high, Arsenophonus, Actinomyces, Bacillus, Streptomyces and Wolbachia, 
were not found in the 16S samples (except Wolbachia, which was represented by 6 
reads). However, Wolbachia was found in the RNA samples, where it was relatively 
evenly distributed among site types (low-density sites: 3322 sequences; medium-density 
sites: 2892 sequences; high-density sites: 3504 sequences). 
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Figure 5.7. Relative abundance of OTUs (97%) at the phylum level for each sample site. Values are 
based on rarefied samples. The orange bars indicate phyla that made up less than 1% of the total 
sample and the red bars are those OTUs that were not assigned to any phyla.  
 
There were significant differences between population types for ten bacterial orders, 
representative of 13 OTUs, seven of which were identified to the genus level (Table 5.4). 
The pathogen, Candidatus Rhabdochlamydia (Candidatus refers to the fact this taxon has 
not been successfully maintained in culture; hereafter referred to as Rhabdochlamydia) 
was only present in the expanding populations. The order Rhizobales, which contains 
putative nutritional mutualists of ants was significantly less common in the declined 
populations. Four bacteria genera were identified as candidates as the contents of the 
melanized nodules detected in queen fat bodies and ovaries in Chapter 4, as all were 
significantly more abundant in site M2 than the other five sites (Table 5.5).  The genus 
Kingella was only found in queens from site M2. The entomopathogen, Serratia 
marcescens, was one of three OTUs identified to species.  
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Table 5.2. Top 10 most prevalent bacterial orders (out of 40 total) across all samples, and samples from low, medium and high-density sites. Values are 
based on the raw reads, before rarefaction. The last row shows what percentage the above orders account for in each group.  
Phylum Order Low-density Medium-density High-density All libraries 
  total reads % (#) total reads % (#) total reads % (#) total reads % (# ) 
Proteobacteria Neisseriales 12.5% (7799) 40.1% (32 187) 0.05% (25) 21.0% (40 011) 
 Pasteurellales 24.7% (15 452) 28.2% (22 639) 0.02% (10) 20.0% (38 101) 
Firmicutes Lactobacillales 15.2% (9529) 8.8% (7094) 17.7% (8547) 13.2% (25 170) 
Cyanobacteria Streptophyta 22.7% (14 152) 5.6% (4484) 1.5% (736) 10.1% (19 372) 
Chlamydiae Chlamydiales 0 0 24.5% (11 802) 6.2% (11 802) 
Proteobacteria Pseudomonadales 11.9% (7446) 0.3% (246) 0.5% (238) 4.1% (7930) 
 Rhodospirillales 0.5% (318) 4.3% (3456) 5.4% (2595) 3.3% (6369) 
 Rickettsiales 3.7% (2324) 4.0% (3213) 0.2% (109) 3.0% (5646) 
 Rhizobiales 1.0% (649) 0.9% (718) 7.9% (3822) 2.7% (5189) 
Actinobacteria Actinomycetales 0.4% (227) 0.3% (224) 5.6% (2677) 1.6% (2064) 
 Total 92.6% (57 896) 92.5% (74 261) 63.4% (30 561) 85.2% 
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Figure 5.8. Relative abundance of OTUs (97%) at the order level for each sample site. The phylum 
each order belongs to is indicated on the right. Values are based on rarefied samples. The orange 
bars indicate orders that made up less than 1% of the total sample and the red bars are those OTUs 
that were not assigned to any order. Note the high levels of variation between replicates of the same 
population types.  
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Table 5.3. SIMPER results showing which bacterial orders contributed to approximately 50% of the dissimilarity between low, medium and high-1 
density population types. 2 
 Mean abundance  %  Cumulative % 
 Low-density High-density Difference Contribution contribution 
Order      
Pasteurellales 22.12 0.71 -96.8 8.5 8.5 
Streptophyta 24.39 4.10 -83.2 8.0 16.5 
Lactobacillales 12.24 27.77 126.9 7.6 24.1 
Neisseriales 17.17 1.00 -94.2 6.4 30.5 
Pseudomonadales 19.94 4.93 -75.3 5.8 36.3 
Chlamydiales 0 14.45 100.0 5.3 41.6 
Rickettsiales 9.95 1.50 -84.9 3.3 44.9 
Flavobacteriales 6.46 2.09 -67.6 2.4 47.3 
Rhizobiales 8.08 13.71 69.7 2.4 49.7 
Rhodospirillales 6.48 9.34 44.1 2.2 51.9 
 Low-density Medium-density    
Neisseriales 17.17 17.15 -0.1 8.4 8.4 
Pseudomonadales 19.94 2.88 -85.6 8.3 16.7 
Streptophyta 24.39 7.60 -68.8 7.9 24.6 
Pasteurellales 22.12 15.08 -4.5 5.9 30.5 
Rhizobiales 8.08 12.73 57.5 4.5 35.0 
Lactobacillales 12.24 12.37 1.1 4.4 39.4 
[Chthoniobacterales] 6.85 12.21 78.2 4.1 43.5 
Flavobacteriales 6.46 1.66 -74.3 3.0 46.5 
WD2101 4.56 8.15 78.7 2.9 49.4 
Thermogemmatisporales 5.97 9.18 53.8 2.9 52.3 
 Medium-density High-density    
Neisseriales 17.15 1.00 -94.2 8.0 8.0 
Lactobacillales 12.37 27.77 124.5 7.0 15.0 
Pasteurellales 15.08 0.71 -95.3 6.6 21.6 
Chlamydiales 0 14.45 100.0 5.6 27.2 
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Rhizobiales 12.73 13.71 7.7 4.1 31.3 
[Chthoniobacterales] 12.21 9.68 -20.7 3.7 35.0 
Actinomycetales 7.29 10.2 39.9 2.6 37.6 
WD2101 8.15 6.52 -20.0 2.6 40.2 
Thermogemmatisporales 9.18 7.08 -22.9 2.5 42.7 
Streptophyta 7.60 4.10 -13.2 2.5 45.2 
Burkholderiales 2.87 7.82 172.5 2.3 47.5 
Ellin6513 4.50 7.74 72.0 2.2 49.7 
Enterobacteriales 5.93 6.22 4.9 2.2 51.9 
 3 
Table 5.4. Ten bacterial orders that had significantly different (log-likelihood ratio test) mean number of reads between population types. Mean reads 4 
are based on rarified values. 5 
Phylum Order Genus LRa pb Low-density 
mean ± SE 
Medium-density 
mean ± SE  
High-density 
mean ± SE  
Bacteroidetes Flavobacteriales Chryseobacterium 179.818 <0.0001 82.5 ± 82.5 0 0 
Chlamydiae Chlamydiales Rhabdochlamydia 915.879 <0.0001 0 0 417.5 ± 417.5 
Cyanobacteria Streptophyta  834.583 <0.0001 595.5 ± 43.5 80.5 ± 72.5 24.0 ± 22.0 
Firmicutes Lactobacillales Enterococcus 358.695 <0.0001 0 0.5 ± 0.5 166.5 ± 166.5 
  Fructobacillus 242.675 <0.0001 10.5 ± 0.5 27.5 ± 27.5 186.0 ± 102.0 
  Lactobacillus 93.596 <0.0001 204.5 ± 204.5 121 ± 115.0 54.0 ± 32.0 
  Other 1062.613 <0.0001 0 13.0 ± 13.0 527.0 ± 527.0 
Proteobacteria Pseudomonadales Actinetobacter 496.000 <0.0001 259.0 ± 222.0 0.5 ± 0.5 10.5 ± 10.5 
 Rhodospirillales Gluconobacter 85.039 <0.0001 35.0 ± 33.0  61.5 ± 61.5 0 
 Rhizobales Rhodoplanes 97.256 <0.0001 83.0 ± 45.0 260.0 ± 9.5 191.5 ± 45.5 
 Neisseriales  791.301 <0.0001 299.0 ± 71.0 588.0 ± 586.0 0 
 Pasteurellales  734.923 <0.0001 508.5 ± 265.0 398.5 ± 394.5 1.0 ± 1.0 
 Rickettsiales 1  116.743 <0.0001 99.0 ± 6.5 51.0 ± 49.5 2.5 ± 2.0 
a Likelihood ratio from log likelihood-ratio test 6 
b p values have been corrected for multiple comparisons using the Bonferroni procedure7 
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Table 5.5. Bacterial genera that were significantly (log-likelihood ratio test) more prevalent in site M2 than the other study sites. Serratia marcescens is 
one of the few OTUs identified to species. Candidates for contents of the melanized nodules found in Chapter 4. Sequence values are unrarified raw 
data. 
Phylum Order Genus LRa pb M2 M1 L1 L2 H1 H2 
Proteobacteria Rhodospirillales Gluconobacter 10616.497 <0.0001 3239 0 122 57 0 0 
 Neisseriales Kingella 304.058 <0.0001 86 0 0 0 0 0 
 Enterobacteriales Serratia 
marcescens 
6784.528 <0.0001 1979 0 0 10 1 29 
Bacteroidetes Cytophagales Cardinium 803.368 <0.0001 269 0 41 13 0 0 
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5.5. Discussion 
This is the first study to record the presence of viral sequences in A. gracilipes. It is as yet 
unclear if this virus, or viruses, plays a role in the observed population declines of A. 
gracilipes. Viral sequences were only found in one low and one medium-density site; 
however, more surveys are needed to establish the full extent of this infection. The three 
unique viral sequences found coded for homologous genes encoding conserved 
replication function among viruses (helicase, RNA polymerase), making it possible to 
build phylogenetic trees, which grouped these sequences with the Dicistroviridae and 
specifically KBV, IAPV and BQCV. Members of this family of single-stranded RNA 
viruses have been implicated in colony collapse disorder in A. mellifera (Cox-Foster et al. 
2007; de Miranda et al. 2010; Schroeder and Martin 2012), as well as colony decline in S. 
invicta (Valles 2012; Valles et al. 2014). Several dicistroviruses affecting S. invicta are 
being investigated as candidates for biocontrol in that species (Valles 2012), as viruses 
often have high host specificity and high pathogenicity, making them ideal biocontrol 
agents (Arif et al. 2012; Porter et al. 2013; Schroeder and Martin 2012).  
Though the viral sequences found have a very high percentage identity to KBV and 
IAPV, it should be kept in mind that close sequence identity matches in GenBank do not 
guarantee positive identification of taxon, only that similar sequences were found. 
Sequence databases are limited to the data contained within them. Misidentification is a 
particular hazard when the observed sequences are short, as is the case with these viral 
sequences (220-282 bp). In order to positively identity these viruses, additional sequences 
would need to be found and assembled. Additionally, in the absence of evidence of 
replication it is unclear if these viruses are parasitizing A. gracilipes, or were simply 
ingested by the ant from the environment (Singh et al. 2010; Valles 2012). It is also 
possible that such viruses may be benign, as many insect viruses are asymptomatic (Liu 
et al. 2011; de Miranda et al. 2010; Valles 2012). In rare cases, viruses may even be 
beneficial in insects, such as the densovirus, Helicoverpa armigera densovirus-1, which 
appears to enhance host resistance to a baculovirus, and the bacterium Bacillus 
thuringiensis, as well as increasing fecundity in its host (Xu et al. 2014). The next step 
will be to conduct RT-PCR assays with known viral primers to 1) identify these viruses; 
2) determine virus abundance and infection rates; and 3) ascertain replication within A. 
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gracilipes by looking for the presence of negative-strand RNA. Future work is also need 
to understand the effects of these viruses on A. gracilipes.   
 
Though metagenomic surveys such as this one shed light on the identity of the bacteria 
that make up the microbiota of a given host, such studies can only speculate on what 
effect these bacteria have on host fitness. Even within bacterial species of a single genus, 
bacteria may play diverse roles in host physiology, and can be mutualistic, commensal or 
pathogenic. It is thus difficult to know the effects different bacterial groups may have on 
a host, particularly as little is known about the function of most of the bacterial groups 
making up the microbiome of ants. Here I suggest several candidates for future study, and 
briefly review what is known about these bacteria and their associations with other 
arthropod hosts. Though several potentially pathogenic and mutualistic bacteria were 
observed, there were no obvious patterns suggesting such bacteria played a role in the 
observed population declines of A. gracilipes. This lack of pattern may in part be due to 
low sample sizes, which may increase the possibility of type II error (acceptance of a 
false null hypothesis), which should be kept in mind when interpreting these results.  
 
A potential bacterial pathogen, Rhabdochlamydia, was found in one of the high-density 
sites. Members of the order Chlamydiales are often pathogenic (Corsaro and Venditti 
2004). Rhabdochlamydia crassificans is known to be pathogenic in cockroaches, where it 
can cause swelling of the abdomen and infects the ovaries and fat bodies, however, the 
fitness consequences of this swelling, if any, are not known (Corsaro et al. 2007). Drobne 
et al. (1999) examined the effect of the closely related bacterium, Rhabdochlamydia 
porcellionis, on feeding rates in the isopod, Porcellio scaber (Kostanjsek et al. 2004), 
though the bacterium damaged host cells, they found no significant difference between 
feeding rates of infected and uninfected individuals. No tissue swelling was apparent in 
the A. gracilipes queens dissected from the infected site. To my knowledge, this bacterial 
genus has never before been isolated in ants, so its effects are unknown. 
 
The genera Lactobacillus, Enterococcus and Fructobacillus belong to the lactic acid 
bacteria (LAB), which have been found to be mutualistic in A. mellifera. Enterococcus 
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and Lactobacillus can protect their host from microbial pathogens such as the bacterial 
brood pathogen, Paenibacillus larvae (American foulbrood) (Forsgren et al. 2009; 
Vasquez et al. 2012; Yoshiyama et al. 2012); while Fructobacillus may produce 
byproducts that promote the growth of core members of the gut microbiome in A. 
mellifera (Rokop et al. 2015). Enterococcus and Fructobacillus were both significantly 
more prevalent at high-density sites; however, Lactobacillus was at significantly lower 
prevalence at high-density sites compared to low and medium-density. Thus it appears 
that all site types had at least one type of LAB in high prevalence, making it unlikely that 
the absence of these mutualists is responsible for the differing densities observed among 
A. gracilipes populations. However, an interactive effect between different LAB taxa is 
possible (Rokop et al. 2015), so the possibility cannot be discounted. 
 
Of particular interest is the finding that the entomopathogen Serratia marcescens was in 
much greater abundance in queens with melanized nodules. Serratia marcescens is 
known to be pathogenic in a suite of insects, including the wild apple maggot fly, 
Rhagoletis pomonella and A. mellifera (Lauzon et al. 2003 and references therein). This 
bacterium is also known to induce a nodulation reaction in Drosophila melanogaster, 
when injected into the hemocoel (Lazzaro et al. 2006; Chandler et al. 2011). It is also a 
common scourge of laboratory-kept insect populations, where it can be an epizootic 
(Sikorowski et al. 1993). However, a match to a specific taxon does not confirm its 
presence, only that similar sequences were found (this is the case for all identifications in 
this chapter). Therefore it is possible that this sequence actually represents a closely 
related taxon, such as S. symbiotica, and not S. marcescens. Serratia symbiotica is a 
secondary endosymbiont of aphids where it provides protection from a parasitoid wasp, 
and mediates heat shock in its host (Brownlie and Johnson 2009). It has also been 
isolated from the guts of the ants, Camponotus japonica and Formica cinerea, which 
possibly acquired it from feeding on honeydew excreted from aphids (He et al. 2011; 
Sirvio and Pamilo 2010). Anoplolepis gracilipes is also known to feed on honeydew 
(Holway et al. 2002; Lach and Hoffmann 2011) and could possibly have acquired this 
bacterial taxon that way. Further investigation into the identity and effect of this species 
is needed. 
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Candidatus Cardinium (hereafter referred to as Cardinium) is a recently discovered 
reproductive parasite in arthropods (Hunter et al. 2003). It is known to manipulate host 
reproduction, including by inducing cytoplasmic incompatibility (Hunter et al. 2003; 
Gotoh et al. 2003; Perlman et al. 2008). Cardinium has been found in at least one other 
species of ant (Sirvio and Pamilo 2010) but may not be common in this hymenopteran 
family (Martínez-Rodriguez et al. 2013; Russell et al. 2012; Zchori-Fein and Perlman 
2004), unlike other reproductive parasites such as Wolbachia, which has been found in 
one third of ant species examined (Russell 2012). Like Wolbachia, any impacts on fitness 
that Cardinium has on its ant hosts, negative or positive, have yet to be demonstrated 
(Russell 2012; Sirvio and Pamilo 2010). As this taxon appears to be vertically 
transmitted, it is very unlikely it is responsible for the observed melanized nodules 
observed in queens. Its role as a potential reproductive parasite, however, deserves 
further investigation. 
 
Gluconobacter is a suspected mutualist in Diptera, Hemiptera and Hymenptera with high 
sugar diets (Chandler et al. 2011; Crotti et al. 2010; Jeyaprakash et al. 2003; Martinson et 
al. 2011), however, it can be pathogenic in some Drosophila spp., where it causes 
apoptosis (programmed cell death) and death of the host (Ryu et al. 2008). Very little is 
known about the role played by Kingella in insect host physiology, if any, though this 
taxon has been isolated from the guts of A. mellifera and bumble bees (Kwong and 
Moran 2013).  
  
Acinetobacter has been reported in many insect groups, such as Diptera, Coleoptera, 
Lepidoptera, Hemiptera and Hymenoptera, including ants (Andersen et al. 2013; Ceja-
Navarro et al. 2015; Ishak et al. 2011a; Liberti et al. 2015; Paulson et al. 2014; Priya et 
al. 2012; Secil et al. 2012; Singh et al. 2012). The roles it plays in most of these groups 
has not been elucidated, though it was found to be important for complete development 
of Stomoxys calcitrans (Diptera: Muscidae) (Lysyk et al. 1999), but did not influence 
female fitness parameters in a female wasp (Srinatha et al. 2015).  
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This study examined the microbiome of queens from a single point in time, but other 
potential pathogens or mutualists may be found by examining other castes besides 
queens, such as the workers or brood (Ishak et al. 2011b). Likewise, other studies have 
found the presence of specific pathogens to vary throughout the year, likely due to 
differences in temperature and or rainfall. For example, SINV-1 has been found to be 
much more prevalent in spring and summer than at other times of year (Valles et al. 
2010). It is suspected this difference is due to the inability of SINV-1 to replicate at cooler 
temperatures. Arnhem Land has consistently high temperatures throughout the year, so 
changing temperatures may not be an issue, but has a distinct wet season with most rain 
falling between December and July (Hoffmann and Saul 2010). Rainfall may also change 
prevalence of pathogens. Briano (2005) and Milks et al. (2008), found a significant 
correlation between infection of Solenopsis fire ants with the microsporidian Kneallhazia 
solenopsae and rainfall.  
 
Gruber (2012) found some evidence that low abundance A. gracilipes populations in 
Arnhem Land had lower bacterial diversity at the genus and order levels. I found no such 
relationship. The five queens per sample that I used, however, may be insufficient to 
elucidate differences among sites. I was limited in the number of queens I could include 
by the lowest sample size. I was only able to collect 10 queens from site L2 in 2013, and 
thus was constrained to five queens for the RNA and DNA extractions for each sample, 
respectively, as I wanted to be able to directly compare samples from different sites. The 
expense of Illumina sequencing also limits the number of samples it is possible to run. 
Queens seem to have a very high individual bacterial diversity as evidenced by high 
variation among bacterial taxon in the six samples.  
 
Viral and bacterial microbes have been successfully utilized for biocontrol programmes. 
For example, a baculovirus in the genus Gammabaculovirus was introduced from Europe 
to eastern North America where it successfully controls the invasive spruce sawfly, 
Diprion hercyniae, with no need for further applications (Arif et al. 2011; Bird and Burk 
1961; Szewczyk et al. 2006). Likewise, the bacterium Bacillus thuringiensis is the most 
commonly utilized microbe worldwide for the control of agricultural pests, due to the 
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insecticidal properties of this bacterium (Brar et al. 2006; Cannon 1993; Porcar and 
Caballero 2000). Though it is too early to say if the viruses found in A. gracilipes play a 
role in the observed population declines, the presence of such viruses offers a rich area 
for future research, and may be promising biocontrol candidates. I have also suggested 
several bacterial candidates for further study, including the entomopathogens 
Rhabdochlamydia and Serratia marcescens, and the reproductive parasite, Cardinium. 
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Chapter 6: General Discussion 
 
6.1. Summary 
Though many populations of introduced species have been observed to collapse, the 
reasons behind these declines are seldom investigated (Simberloff and Gibbons 2004). 
My overall aims were to document A. gracilipes population declines, to investigate the 
possibility that pathogens were playing a role in the observed population declines, and to 
identify putative pathogens infecting A. gracilipes as potential candidates for biocontrol 
agents. After documenting several A. gracilipes population declines, I investigated the 
possibility that pathogens were involved in three ways: 1) I directly tested the effect of 
treatment with fungicidal antibiotics or inoculation with a fungal entomopathogen upon 
A. gracilipes reproductive output; 2) I investigated if there were fewer queens per nest, 
and if egg-laying rate, fecundity and fat content of queens was different between 
populations in different stages of decline or expansion (population types); 3) I compared 
microbial communities between population types.  
 
In Chapter 2, I presented before and after survey data on seven A. gracilipes populations 
that either declined substantially or disappeared altogether. I also speculated on the 
possible reasons for these declines, and explained why I thought other explanations were 
less likely. Using the working hypothesis that a fungal pathogen had negative effects on 
queen reproductive output, I treated laboratory colonies of A. gracilipes with either 
fungicidal antibiotics, or inoculated queens with the fungal entomopathogen, 
Metarhizium anisopliae, then monitored colony reproductive output (Chapter 3). Neither 
treatment had a significant effect on the number of eggs, larvae, worker pupae or male 
pupae produced after 70 days. I found queen number had no effect on colony 
reproductive output, suggesting that queens are able to adjust their egg laying rate in the 
presence of other queens. I found no evidence that M. anisopliae is able to affect the 
reproductive output of A. gracilipes at the tested concentrations. In Chapter 4, I explored 
the hypothesis that a pathogen that kills or affects the reproductive output of A. gracilipes 
queens is the mechanism or reason behind the observed population declines in my study 
area. I measured queen number per nest, egg laying rate, fecundity and fat content and 
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compared them between sites in three different stages of decline or expansion (low, 
medium and high-density). There was no significant difference between egg laying rates, 
fecundity or fat content between queens of different population types; however, low-
density sites did have significantly more queens per nest than other population types. I 
also discovered that 23% of dissected queens had melanized nodules, a cellular immune 
response in insects, in their ovaries or fat bodies. The presence of nodules was 
significantly correlated with a 22% decrease in the number of oocytes per ovary. Nodule 
presence was not, however, associated with population type, suggesting that though there 
are clearly pathogens or parasites capable of penetrating the cuticle of A. gracilipes, such 
microbes are unlikely to be responsible for the observed population declines. Injecting 
the gaster of queens with fungal spores, bacterial lipopolysaccharides or saline solution 
revealed that queens only produced nodules in response to fungal spores.  
In Chapter 5, I compared microbial communities (bacteria and viruses) between queens 
from the three population types discussed above. I uncovered viral sequences that group 
with the Dicistroviridae family of viruses in low and medium-density populations. 
Members of this family of viruses have been associated with colony-collapse disorder in 
Apis mellifera (Cox-Foster et al. 2007; Evans and Schwarz 2011; Schroeder and Martin 
2012), and colony decline in the invasive ant, Solenopsis invicta (Valles 2012; Valles et 
al. 2014). However, I found no differences in bacterial community structure between 
population types. The presence of sequences similar to dicistroviruses and the 
entomopathogens Rhabdochlamydia and Serratia marcescens, as well as the reproductive 
parasite Cardinium in A. gracilipes, deserves further investigation.  
 
6.2. Synthesis 
Populations of A. gracilipes have been observed to fluctuate, and in some cases decline, 
across this invader’s range (Chapter 2; Abbott 2005; Gruber et al. 2012a; Haines and 
Haines 1974). Declines to local extinction have been documented in A. gracilipes 
populations on the Seychelles and in Arnhem Land, Australia (Chapter 2; Haines et al. 
1994), and lesser declines have been observed on Christmas Island and Tokelau (Abbott 
2005; Gruber et al. 2012a). Sandström et al. (2014) documented a similar phenomenon 
for the invasive signal crayfish, Pacifastacus leniusculus, which they observed to have 
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collapsed in 41% of surveyed Swedish lakes. Aside from the present study, the study of 
Sandström et al. (2014) is one of the only ones to my knowledge that not only 
systematically documented declines (instead of noting them as an aside or observation), 
but also investigated the mechanism behind said declines. The authors were not able to 
draw firm conclusions about the mechanisms behind these signal crayfish declines, 
though they investigated a number of possibilities, including infection by the crayfish 
plague, Aphanomyces astaci, a water mold. Similar population declines have also been 
seen in a number of other invasive ant species, such as L. humile in New Zealand 
(Cooling et al. 2012), W. auropunctata in New Caledonia (Le Breton, personal 
communication) and P. megacephala across its introduced range (Wetterer 2012). These 
and other observed declines of introduced species are often attributed to infection by 
pathogens, though this hypothesis is seldom investigated (Cooling et al. 2012; Gruber et 
al. 2012a; Simberloff and Gibbons 2004).  
 
Is there evidence that pathogens are present in A. gracilipes in Arnhem Land, or that they 
are responsible for the observed population declines? 
 
This is the first study to document the presence of pathogens in this ant species. 
Pathogens are present in A. gracilipes queens in Arnhem Land (Chapter 4, 5). The 
presence of melanized nodules in queen ovaries and fat bodies indicates there are 
parasites or pathogens capable of successfully penetrating the cuticle, and entering the 
hemocoel (Chapter 3, 4). It remains an important, but yet to be answered question, 
whether or not the documented association between the melanized nodules and the 
observed reduction in oocyte number (Chapter 3, 4) is due to a pathogenic infection 
(caused by microbes that eluded the ant’s immune system), or is the result of a 
physiological tradeoff between reproduction and the cellular immune system in the host. 
An example of a pathogen that can affect ant queen fecundity is the microsporidian, 
Kneallhazia solenopsae, which can be found in Solenopsis spp. queen ovaries, causes a 
reduction in queen reproductive capacity and has led to colony collapse (Williams et al. 
1998). The bacterial pathogen, Rhabdochlamydia, found in A. gracilipes queens in this 
study (Chapter 5), was also found specifically in the ovaries and fat bodies of the 
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cockroach, Blatta orientalis (Corsaro et al. 2007), which may indicate this bacterium is 
capable of affecting host reproduction, though this has yet to be tested in cockroaches.  
 
I have identified several other potential microbial control agents for A. gracilipes. The 
bacterial entomopathogen, Serratia marcescens,  is a well-known killer of laboratory 
populations of various insects (Sikorowski et al. 1993), and is known to be pathogenic in 
some species of Hymenoptera, Diptera, Coleoptera and Lepidoptera (Lauzon et al. 2003; 
Lazzaro et al. 2006). This bacterium is also a key candidate for the pathogen that caused 
the melanized nodules found in some queens, as it was much substantially more prevalent 
in sequenced queens that had melanized nodules. The reproductive parasite, Cardinium, 
which was recently discovered in arthropods (Hunter et al. 2003) is known to induce 
cytoplasmic incompatibility in parasitic wasps and spider mites (Hunter et al. 2003; 
Gotoh et al. 2003; Perlman et al. 2008). This reproductive parasite has been found in at 
least one other ant species (Sirvio and Pamilo 2010), but its effects on ants, if any, are not 
yet known.  
 
The finding of viral sequences that group with the Dicistroviridae family in A. gracilipes 
is particularly exciting, as members in this group of viruses have been associated with 
colony-collapse disorder in A. mellifera (Evans and Schwarz 2011), and colony decline in 
the invasive ant S. invicta (Valles 2012). This is the first time viral sequences have been 
found in A. gracilipes. These sequences matched most closely to Kashmir bee virus, 
Israeli acute paralysis virus and black queen cell virus, all of which can have severe 
negative impacts on A. mellifera (Evans and Schwarz 2011; de Miranda et al. 2010). 
However, given the high probability of misidentification when sequences are short, as 
these ones are, it is just as likely these viral sequences belong to new viruses, which have 
not yet been identified. Such was the case in a recent study that discovered viruses, 
including a novel virus, in the invasive ant, Linepithema humile (Sébastien et al. 2015). 
Work is currently being undertaken to establish the identity of these viruses, determine 
how widespread they are in these study populations and confirm their replication in A. 
gracilipes. These viruses are also potential candidates for the cause of the melanized 
nodules found in A. gracilipes queens (Chapter 3, 4), as viruses have been documented to 
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induce a nodulation response in insects (Durmas et al. 2008). Once the identity of these 
viruses is established, it may be possible to test if these viruses are capable of inducing 
nodules in A. gracilipes, by injecting viral particles into the hemocoel.  
 
Anoplplepis gracilipes may have brought these pathogens with it from its native range, 
such as S. invicta and several of its pathogens and L. humile and the virus LHUV-1 
(Sébastien et al. 2015; Valles 2012). Alternatively, these pathogens may have been 
acquired in its new introduced range, which has also been seen in ants (Espadaler et al. 
2011). As the native range of A. gracilipes is unknown, it cannot be surveyed for 
pathogens. However, an interesting question worthy of further investigation is if some of 
these pathogens were introduced with A. gracilipes, do they facilitate this ant’s invasion 
by utilizing native ants as new hosts (Vilcinskas et al. 2013)? Such seems to be the case 
in South America, where a protozoan parasite, co-introduced with the common 
bumblebee, Bombus terrestris, has spilled over into native populations of B. dahlbomii, 
causing heavy loses in this native species and thereby potentially speeding the spread of 
the invader, B. terrestris (Schmid-Hempel et al. 2013). 
 
Though A. gracilipes is host to a multitude of microbes (Chapter 5; Gruber 2012), many 
which have been found to be mutualistic and pathogenic in other arthropods (Corsaro et 
al. 2007; Crotti et al. 2010; Drobne et al. 1999; Ishak et al. 2011a; Lauzon et al. 2003; de 
Miranda et al. 2010; Perlman et al. 2008; Rokop et al. 2015; Vasquez et al. 2012), I 
found little evidence to suggest any of these play a role in the observed population 
declines, nor that premature queen death or reduced reproduction in queens are causing 
the declines (Chapters 2-5). I found no indication that queens were dying 
disproportionately at low and medium-density sites compared to high-density sites 
(Chapter 4). In fact, low-density sites had significantly more queens per nest on average, 
than medium and high-density sites. This unexpected result may be due to a density-
dependent factor, whereby queens need a minimum number of workers present to spread 
to new nests, or an artifact due a lower sample size of nests in low-density sites. There 
was also no difference in fecundity or fat content (a measure of general health in insects; 
Fellous and Lazzaro 2010) between different population types (Chapter 4).  
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Though I found an association between the presence of melanized nodules (infected 
queens) and a reduction in reproduction (Chapter 3, 4), I was unable to reproduce this 
effect with the fungal entomopathogen M. anisopliae in experimental laboratory colonies 
(Chapter 3), suggesting that a different pathogen caused the melanized nodules. Also, the 
proportion of infected queens between sites of different densities did not suggest that the 
reduction in queen reproductive output was a mechanism behind the population declines. 
This conclusion was supported by the finding that A. gracilipes queens may be able to 
adjust their reproductive output in response to other queens (Chapter 3). There was also 
no obvious pattern of bacterial pathogen presence, or bacterial endosymbiont absence that 
was related to population type (Chapter 5), though the discovery of viral sequences in 
low and medium-density populations and not in high-density warrants further 
investigation. There remain many questions to be answered in relation to A. gracilipes 
population declines.  
 
6.3. Constraints and future research 
The mechanisms behind the declines in A. gracilipes have yet to be elucidated. I 
encountered several constraints during the course of my study, which prevented me from 
investigating certain questions, and has left open future research avenues. A major 
constraint was finding appropriate sample sites. Ideally, I would have had a minimum of 
three sites per population type, to reduce the amount of intra-site variation; however, after 
a decade of control the majority of high and medium-density sites had already been 
eradicated. Originally, I had aimed to have five replicate low-density sites, but one site’s 
A. gracilipes population declined to undetectable levels between when I began my field 
work in October 2012 and when I came back to measure queen density in February 2013. 
When I went to survey the two additional sites where A. gracilipes were known to have 
declined, it was discovered that the A. gracilipes populations at both those sites had also 
declined to undetectable levels, and were likely extinct at those sites. However, these 
declines did support the observation that A. gracilipes populations do sometimes go 
locally extinct in Arnhem Land (Chapter 2).  
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The queens examined in this study, though from two different years, only represent a 
single season, February (wet season). This sampling time was necessary because this is 
one of the few times of year that it is possible to accurately count and collect queens, 
because they are relatively shallow in the soil, due to sufficient moisture (B. Hoffmann, 
unpublished data; personal observation). However, because I sampled at only one time, I 
may have missed a critical time that pathogens may have had an effect. For example, 
many pathogens are asymptomatic except for in times of stress (Briano and Williams 
1997; Jouvenaz and Kimbrough 1991; Lord 2010; de Miranda et al. 2010; Oi and Valles 
2009). Hence, sampling queens in the dry season (August to November; Hoffmann and 
Saul 2010), when resources are scarcer and environmental conditions are harsher, may 
reveal pathogens that would be missed in the less stressful wet season. Thus, my study 
represents a snapshot of queen health and microbial diversity, both of which may vary in 
response to temperature and rainfall (Elmes et al. 1999; Hahn 2006; Lease and Wolf 
2011; Valles et al. 2010). I also only examined queens for pathogens, hence may have 
missed a pathogen affecting only the workers. However, for the majority of ant pathogens 
I am aware of, both the workers and queens tend to be infected, so missing pathogens by 
not surveying workers may be unlikely (Allen and Buren 1974; Briano and Williams 
1997; Tufts and Bextine 2009; Sébastien et al. 2015; Valles 2012; Valles et al. 2013, 
2014; Wenseleers et al. 2002). 
 
My original intent was to also examine eukaryotic pathogens and parasites, such as 
microsporidia, fungi and nematodes in Chapter 5. However, due to a substantial delay in 
providing results by the sequencing facility, New Zealand Genomics Ltd., I did not have 
sufficient time to properly process and analyze this data (they were 8 months late 
delivering my results). I intend to do this analysis in the near future. For the same reason, 
I was unable to further investigate the identity and possible replication of the viral 
sequences found in Chapter 5. RT-PCR using viral specific primers (for example 
Kashmir bee virus, Israeli acute paralysis virus and black queen cell virus) to identify 
which viruses are present, and at what levels and to determine if the viruses are 
replicating (and hence parasitizing) within A. gracilipes are the next steps in this work. A 
time-series (taking multiple samples from different populations per year, over several 
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years) following the presence and load of these viral pathogens would also be useful, as 
viral load can vary greatly depending on time of year (Valles 2012; Valles et al. 2010). 
 
Investigating if other A. gracilipes populations carry similar pathogens, such as those on 
Christmas Island and Tokelau would also be informative. I would also suggest laboratory 
trials inoculating A. gracilipes colonies with some of the detected entomopathogens such 
as Serratia marcescens to assess their effect on A. gracilipes reproduction and population 
dynamics. As Rhabdochlamydia, and the reproductive parasite Cardinium have not yet 
been successfully maintained in culture, inoculating ants with these taxa is probably not 
yet feasible, but they could be potential biopesticides if these taxa are pathogens. 
Treatment with antibiotics to test the effect of bacterial symbionts would also be useful, 
since if a large number of endosymbiotic bacteria are mutualistic then treatment with 
antibiotics may result in colony declines (Wilkinson 1998).  
 
I would especially encourage the quantitative documentation and study of other invasive 
ant declines, as understanding these declines may assist in the development of effective 
management techniques for these economically and ecologically damaging pests.  
 
Though it is generally acknowledged that introduced species’ populations can and do 
decline (Simberloff and Gibbons 2004), this is one of the first studies to quantitatively 
examine, document, and investigate the mechanisms behind an invasive species 
population decline. Understanding the mechanisms by which an invader declines may 
have important implications for invasive ant species management worldwide. 
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 Appendices 
 
 
Plaster nestbox construction instructions 
 
 
View from side      View from top 
 
 
 
 
 
1. Place Perspex frame on clean, flat surface.   
 
 
 
2. Place weigh boats on Perspex frame. Use tape to stick weigh boats to frame, don’t let 
tape reach the edge.  
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3. Drill hole in front of the plastic container that will be used as the nest box. Place plastic 
container upside down over Perspex. Cut a hole in bottom of plastic container (will add 
plaster through this). Put plugged tube (plug to prevent plaster from entering) in hole so it 
is touching the front-most weigh boat, this will be the nest entrance.  
 
 
 
 
4. Drill a second hole in side of plastic container, put a piece of tube in it. Thread a wire 
or wooden skewer through the tube and spike a sponge on it.  Make sure the tube is 
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touching the sponge. This will allow water to be injected into the sponge, keeping the 
nest humid. Duct tape the edges of the plastic container firmly to your working surface to 
prevent plaster from leaking out. 
 
 
 
 
5. Add plaster until sponge is completely covered. Allow to sit until firm BUT NOT 
COMPLETELY DRY. 
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6. Flip plastic container over. Remove Perspex and weigh boats, unplug entrance tube, 
cut corridors between the chambers with a knife, remove wire or wooden skewer from 
sponge. Replace Perspex.  
 
 
 
 
 
7. Drill a hole close to the bottom of a second container and attach nest entrance tube (if 
the tube is not resting on the bottom of the second container the ants will not find the 
entrance). Coat the sides of this container with Fluon, place a mesh sheet over the top and 
cut a hole in the lid. This will be the foraging arena. 
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Note: I used the opaque plastic lid of the Tupperware container that became the nest box 
as a cover for the nest area (see in above photo). However, in retrospect I would instead 
use red cellophane, as this would allow observation of the nest, without disturbing the 
ants. 
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Local ant community data 
 
I investigated if there is any preliminary evidence that resident ant community structure is 
affected by the differing abundances of A. gracilipes.  
 
Methods 
A. gracilipes and local ant community abundance 
I also measured abundance of A. gracilipes and local ant species at all six sites using 
pitfall traps. Traps were placed at each site on August 19th 2013, and July 24th and 25th 
2014 and left for 48 hours. There were four plots in each site, separated by at least 10 m. 
Plots were placed in areas where crazy ants were seen to be present. Within each plot five 
pitfall traps were placed one metre apart and arranged in a cross shape. A mixture of 1:1 
ethylene glycol and water was used as a preservative, and each trap was filled 2/3 full. 
Pitfall traps were 5.5cm high and 4.5cm across. After collection A. gracilipes were 
removed and counted. All other ant species were removed, stored in 70% ethanol and 
taken to the CSIRO Tropical Ecosystems Research Laboratory where they were identified 
to species and ant functional group (Andersen 1995). Ant functional groups are a global 
classification based on ant community dynamics in relation to environmental stress and 
disturbance (for a description of the different functional groups see Andersen 1995, 
1997). This classification system is commonly used in studies of Australian ant 
communities (Andersen and Majer 2004; Hoffmann et al. 1999). The ant community was 
examined because A. gracilipes usually only affect other ant species when their densities 
are high (Gruber et al. 2012b; Sarty et al. 2006). Thus impact on the ant community can 
be thought of as another measurement of A. gracilipes abundance. In 2014, each site also 
had a paired uninvaded site within 35-100 m, each of which had three plots with five 
pitfall traps each.  
 
Pitfall traps were pooled for each plot. A univariate general linear model was used to 
compare A. gracilipes abundance between sites and years. Anoplolepis gracilipes 
abundance was log transformed to meet assumptions of normality before analysis. I used 
a permutational analysis of variance (PERMANOVA) with 9999 permutations to test for 
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differences in ant community composition with population type, site and year as fixed 
factors. The resemblance matrix was derived using the Bray-Curtis similarity index 
(Clarke 1993). All community data was square root transformed prior to analysis to 
decrease the influence of very abundant species. Differences between samples were 
visualized for the Bray-Curtis analysis using a principal coordinate analysis plot (PCoA). 
The PERMANOVA and PCoAs were run in Primer-E v 6.1.13 & PERMANOVA + v 
1.0.3 (Clarke and Gorley 2006).  
 
Poisson generalized linear model with a log-link function to examine which functional 
groups were affected by population type, site and year. The best fitting model using 
Akaike information criterion (AIC) values included population type, site and year as 
factors.  P-values were corrected for multiple testing by a Bonferroni’s correction (Rice 
1989). Both the univariate general linear model, and the generalized linear model were 
run in the program IBM SPSS Statistics v 22.0.0.0.  
 
Results 
Local ant community structure 
Sixty-four ant species other than A. gracilipes were found across all six study sites, 3472 
individuals in total. Four ant species occurred at every invaded site: Monomorium sp. 24 
laeve gp., Nylanderia sp. 4 vaga gp., Opisthopsis haddoni and Pheidole sp. 3 variabilis 
gp. More individuals of other ant species were caught in 2014 (1049 vs 1343), and more 
species were also found in this year (33 vs 42). All three independent variables, 
population type (Pseudo F1,65= 3.913, p< 0.001), site (Pseudo F3,65= 2.103, p= 0.040) and 
year (Pseudo F1,65= 2.287, p= 0.001) had a significant effect on ant community structure. 
The combined PCO1 and PCO2 axes accounted for 34.2% of the total variation in the 
PCOA (Figure S.1). The most common functional group found, by an order of magnitude 
(1382 workers), was generalized Myrmicinae, which accounted for 40% of all ants 
collected. The next highest group was dominant Dolichoderinae (712 workers) (Table 
S.1). Dominant Dolichoderinae was significantly negatively affected by A. gracilipes 
abundance (z= -10.030, p< 0.001), with the majority found in declined sites (72%) and 
uninvaded sites (27%). A single individual was collected in the declining site, M1, and 
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none were found in expanding sites. Site and year also significantly affect Dominant 
Dolichoderinae abundance (z= 14.402, p< 0.001; z= 13.412, p< 0.001) with more found 
in 2014 (115 vs 406). Generalized Myrmicinae were significantly positively affected by 
population type (z= 4.286, p< 0.001), as well as site (z= -23.701, p< 0.001) and year (z= -
3.245, p< 0.001). No other functional groups were significantly affected by A. gracilipes 
abundance, site or year (Figure S.2, Table S.1).  
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Figure S.1. PCoA based on Bray-Curtis distance values computed for local ant communities between 
A) population type, B) year and C) site. The first and second PCoA axes are shown, and the percent 
of Bray-Curtis distance variation explained by each axis is listed next to the axis labels. 
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Table S.1. Results of generalized linear model of functional group abundance as a function of population type, site and year. The final column shows the 1 
total number of workers caught in pitfall traps, pooled across all sites for each functional group. The Dominant Dolichoderine were significantly 2 
negatively affected by population type, and the generalized Myrmicinae were positively affected. A negative ß indicates a negative association between 3 
A. gracilipes abundance (using population type as a surrogate for A. gracilipes abundance) and functional group abundance, and a positive ß value a 4 
positive association.  5 
 Population type  Site   Year   
 ß SE p     ß SE p     ß SE p     # 
individuals 
Cryptic 0.287 0.179 0.109 -0.162 0.080 0.044 -0.760 0.301 0.012 55 
Dominant Dolichoderinae -0.366 0.036 <0.001 0.358 0.025 <0.001 1.395 0.104 <0.001 712 
Generalized Myrmicinae 0.156 0.037 <0.001 -0.430 0.018 <0.001 -0.175 0.054 0.001 1382 
Hot climate specialist 0.001 0.129 0.996 0.444 0.104 <0.001 18.350 13.510 0.989 33 
Opportunist -0.080 0.051 0.117 -0.018 0.026 0.497 0.199 0.104 0.055 469 
Subordinate Camponotini -0.238 0.141 0.091 0.114 0.072 0.116 -0.139 0.256 0.586 69 
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Figure S.2. Relationship between A. gracilipes abundance (total number of ants per plot) and the 
abundance of resident ant species by functional group (total number of ants in each functional group 
per plot). For ease of visual interpretation A. gracilipes abundance was used as a surrogate for 
population type and a line of best fit from the model was plotted on each graph. Solid lines indicate a 
significant relationship between functional group abundance and population type (generalized linear 
model) and dashed lines indicate a non-significant relationship. 
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Abstract Invasive species are known to exhibit
boom and bust cycles. We report population declines
of one of the world’s most serious ant invaders,
Anoplolepis gracilipes (Smith) (yellow crazy ant) in
Arnhem Land, Australia. Anoplolepis gracilipes pop-
ulations are known to fluctuate, both spatially and
temporally, but this is the first instance of quantitative
monitoring of spatial declines of entire populations.
We present before and after survey data on seven
populations that have either declined substantially or
disappeared completely without human intervention.
Sites ranged in size from 1.8 to 15 ha. Although the
mechanistic cause of these declines remains unknown,
A. gracilipes populations in Arnhem Land represent a
unique opportunity to investigate mechanisms by
which a globally significant invader declines, which
could have important implications for invasive species
management worldwide.
Keywords Anoplolepis gracilipes ! Population
collapse ! Invasive species ! Survey
Introduction
Population declines of an exotic species following an
initial population ‘‘explosion’’ are a well recognized,
but rarely investigated, syndrome of invasions (Sim-
berloff and Gibbons 2004; Gruber et al. 2012a;
Sandstro¨m et al. 2014). In most instances, the mech-
anisms driving the declines are unclear (Cooling et al.
2012; Sandstro¨m et al. 2014). Similarly, data quanti-
fying the declines as they occur are extremely rare
because they most often happen quickly and unex-
pectedly, and because interest in invasions is reduced
after a decline has taken place, which results in a
publication bias (Simberloff and Gibbons 2004).
The yellow crazy ant, Anoplolepis gracilipes
(Smith), is considered one of the world’s most wide-
spread, ecologically and economically damaging inva-
sive ant species (Holway et al. 2002), and like many
other invasive ant species it can reach extraordinarily
high population densities and substantially modify
ecosystems (O’Dowd et al. 2003). Populations of this
ant are also known to fluctuate strongly, both spatially
and temporally (Haines et al. 1994; Abbott 2005;
Gruber et al. 2012a, b). Anoplolepis gracilipes was first
detected in northeast Arnhem Land in Australia’s
Northern Territory in 1982 (Majer 1984), though it
had probably been established for several decades prior
(Young et al. 2001). The ant is patchily distributed
throughout 25,000 ha, inhabiting mostly undisturbed
savanna woodland, where it forms spatially discrete
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populations probably as a result of accidental dispersal
by people (Hoffmann and Saul 2010; Fig. 1).
Some populations of A. gracilipes were found to
decline or disappear, in the absence of intervention,
during delimiting surveys, that were part of manage-
ment operations against this ant that have been ongoing
in northeast Arnhem Land since 2004. The declines
occurred either between the time that they were found
and then accurately delimited, between multiple delim-
itations when treatments were delayed, or while they
were being observed for other experimental work
(Hoffmann 2014, 2015). Here we detail large-scale
reductions in the spatial extent of four populations of
this highly invasive species, including one population
(site G) that we monitored for 3 years. We also present
data on three populations that were recorded as present,
but disappeared before they were spatially delimited.
Methods
We monitored and quantified the change in spatial
extent of four populations and recorded the collapse of
three others (Fig. 1). Unfortunately ideal baseline data
was not obtained for most populations due to this work
not being anticipated when they were first found or
mapped. Four populations were mapped using the
standard visual assessments used by the eradication
program (detailed below), but GPS data were not
collected at sites A and F for each visual assessment,
rather only the boundary of each population was
recorded as a polygon, thereby giving only an area, not
an indication of A. gracilipes continuity through the
area. However, pre-decline nest density at site A was
known from prior research (Hoffmann 2015). Three
populations (B, C, D) were not mapped prior to their
decline and so their baseline data are only a single GPS
point indicating that they existed, and thus their
original extents are unknown.
Mapping and subsequent re-surveys of populations
were conducted by visual assessments of the presence/
absence of A. gracilipes workers. Assessments were
conducted between 0600 and 0930 and 1530 and 1830,
when temperatures do not greatly hinder A. gracilipes
activity (15–30 !C; Hoffmann 2015). Assessments
were conducted by teams of people walking in
parallel, commencing in any direction from an A.
gracilipes detection point. Assessments were con-
ducted haphazardly, approximately one per every 2 m.
Early work conducted prior to 2007 did not collect
point-level GPS data, rather only the boundary of
populations was recorded as a polygon. When point-
level GPS data were collected, A. gracilipes was
recorded as present or absent. The boundary of the
population was deemed to have been determined when
no detections had been made for at least 100 m in all
directions from the peripheral detections. The accu-
racy of visual assessments in determiningA. gracilipes
presence/absence was verified in a previous pilot
study, where visual assessments accurately detected
the full extent of multiple small and isolated clusters of
nests previously delineated using attractive food lures
(data not presented). Visual assessments are the
standard technique used by the management program
for detection and mapping A. gracilipes populations.
This visual method did not attempt to detect nests, as
this would be an impossible task to complete accu-
rately at the scale of multiple hectares. Therefore data
presented here focus on population distribution, not
abundance.
In subsequent assessments to quantify decline, the
entire area of small populations (\9 ha; populations
Fig. 1 Inset of Australia and map of Arnhem Land showing
locations where A. gracilipes has been detected since 2003
(black circles), and the locations of the populations detailed here
(triangles). Sites B and C appear as one site on this map because
they are\500 m apart. Note that most of these detections (black
circles) represent spatially discrete populations, and most have
not been resurveyed since their initial detection, so it is unknown
how many others have undergone spatial collapse since their
detection
M. Cooling, B. D. Hoffmann
123
A–E) was re-surveyed, but for the two larger popu-
lations (F and G) only two areas of 2.3 and 8.6 ha
respectively that originally had a high density of
detections were re-surveyed. Finally, to assess if the
populations had merely shifted their distribution to a
new area, we also conducted a search up to 400 m in
all directions around the original distribution of
population G, and for three other populations (A, B,
C) searches in some peripheral locations also extended
well past the 100 m search limit.
Results
Of the seven populations, five (sites A, B, C, D, E)
appear to have disappeared completely from when
they were first found or mapped to when they were
resurveyed (Table 1; Figs. 2, 3). These populations
ranged in size from single point detections with
unknown extent to 3.6 ha. The populations at sites F
and G, which had the largest original infestations
covering 15 and 8.6 ha respectively, declined sub-
stantially. Average nest density at site F was known to
be one nest per 6.3 m2 in 2006 (Hoffmann 2015),
which declined to only a single nest being found
throughout 2.3 ha in 2012 and no other detections
being made throughout a greater area in other informal
searches (data not presented). No A. gracilipes were
found in the areas searched on the eastern half and far
western side of site G in 2012, and there was a clear
continual decline in detections, including their spatial
distribution, throughout the permanent re-survey zone
throughout all years (Fig. 4). No detections were made
up to 400 m surrounding site G in 2012, or at sites A–C
where searches sometimes exceeded far more than
100 m past a detection point, making it unlikely that
the populations had just moved to a new location.
Discussion
Populations of A. gracilipes have previously been
reported to fluctuate (Haines et al. 1994; Abbott 2005;
Gruber et al. 2012a) but their decline over several
years has rarely been monitored. We quantified the
spatial decline of four A. gracilipes populations, and
documented the extinction of three others. On the
Seychelles, very abundant local populations of A.
gracilipes declined and disappeared over extensive
areas within 5 years (Haines et al. 1994). A super-
colony on Christmas Island was observed to decline
rapidly in abundance over an 18 month period, to the
point that red land crabs, which are completely
excluded by high-densities of A. gracilipes, were able
to recolonize the area (Abbott 2005; Abbott et al.
2014). Though uncommon, other established and
widespread invasive species have been known to
collapse or decline suddenly (Simberloff and Gibbons
2004; Sandstro¨m et al. 2014). For example, invasive
giant African land snail populations on islands peri-
odically crash, apparently due to a bacterial pathogen
(Simberloff and Gibbons 2004). Introduced deer are
well known for initial population explosions followed
by catastrophic collapse, caused by overexploitation
of resources (Simberloff and Gibbons 2004). The
highly invasive signal crayfish has been known to
suffer unexplained population declines, Sandstro¨m
et al. (2014) found that 41 % of surveyed signal
crayfish populations in Swedish lakes had collapsed.
This sudden disappearance of populations has also
been observed in several species of invasive ants
(Wetterer 2006, 2012). Pheidole megacephala popu-
lations have been observed to go through boom and
bust phases throughout their introduced range (Wet-
terer 2012) and local populations of Linepithema
humile in New Zealand periodically collapse (Cooling
et al. 2012). Mechanisms such as pathogens and
overexploitation of resources may not cause the
disappearance of a population, but simply reduce the
population to low enough levels that it becomes
vulnerable to Allee effects or stochastic processes
(Taylor and Hastings 2005).
Invasive species are thought to be vulnerable to
population decline due to low genetic diversity
resulting in inbreeding depression and the inability
to adapt to local environments (Vogel et al. 2010). A
recent study investigating population genetic structure
showed that all A. gracilipes populations in Arnhem
Land are likely to be descended from the introduction
of a single population (Gruber et al. 2012a).
Due to the nature of the surveys done, we do not
know when A. gracilipes became established in our
study sites, nor in most cases how long it took
populations to collapse. However, we do know that
populations at sites B and C disappeared completely in
under 2 years, so swift declines are possible. Declines
of smaller infestations such as observed at site E may
be explained by stochastic events that all small
Here today, gone tomorrow: declines and local extinctions
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populations are vulnerable to, but collapses of larger
infestations such as observed at sites A and G are
less easily explained. There are several hypotheses
to explain these results and patterns, which include
fire, pesticides, migration, resource overexploitation
and pathogens or parasites. Bush fires are common-
place in the savanna woodland where these declines
occurred, with up to half or more of some regions
being burnt each year (Russell-Smith et al. 1997)
and most sites in this study burning at least every
2 years (B. Hoffmann, personal observation). Con-
sidering the high frequency of burning, it seems very
unlikely that A. gracilipes would have been able to
persist in this region for over 30 years (and probably
much longer) if populations could not tolerate fire.
These populations have not been treated with poison
baits, nor do they appear to have moved. Though
individual nests may move up to several meters, it is
extremely unlikely for an entire population covering
multiple hectares and consisting of hundreds of
individual nests to move hundreds of meters away as
one and we found no evidence for this. Overex-
ploitation of resources is also an unconvincing
argument in this case. Like many other invasive
ant species, A. gracilipes populations are largely
driven by carbohydrates (Holway et al. 2002;
O’Dowd et al. 2003) and the savanna woodland in
Arnhem Land consists predominantly of Acacia,
which has carbohydrate-producing extra-floral nec-
taries (Lach and Hoffmann 2011). Previous studies
in this region have found no association between
Acacia or invertebrate abundances in high density vs
low density A. gracilipes populations (Hoffmann and
Saul 2010; Gruber et al. 2012b). Five arthropod nest
symbionts and one ecto-parasitic mite have been
found in association with A. gracilipes in Arnhem
Table 1 Details of initial surveys and reassessments of seven A. gracilipes populations conducted between 2003 and 2014
Site Year Mapping method Area surveyed (ha) Presence points Absence points
F 2006 Boundary mapped1 14.97 n/a n/a
2012 Point-level GPS data2 2.3 1 700
Ga 2007 Point-level GPS data 8.62 154 6192
2012 Point-level GPS data 8.62 17 3317b
2013 Point-level GPS data 8.62 35 4102
2014 Point-level GPS data 8.62 14 3380
A 2003 Boundary mapped 3.64 n/a n/a
2013 Point-level GPS data 10.29 0 3980
E 2008 Point-level GPS data 6.53 16 5072
2013 Point-level GPS data 3.47 0 1586
B 2003 Presence detected3 Not delimited n/a n/a
2005 Visual assessment4 Not delimited n/a n/a
2009 Point-level GPS data 1.80 0 156
C 2003 Presence detected Not delimited n/a n/a
2005 Visual assessment Not delimited n/a n/a
2009 Point-level GPS data 2.06 0 261
D 2004 Presence detected Not delimited n/a n/a
2008 Point-level GPS data 2.3 0 1461
Sites ordered from declining to extinct A. gracilipes
Mapping methodologies are: 1 no point level GPS data were recorded of A. gracilipes presence/absence, only the boundary of the
population was determined; 2 point level GPS data recorded of A. gracilipes presence/absence throughout the population; 3 rapid
visual reassessment of A. gracilipes presence/absence only, no GPS data recorded; 4 single GPS detection point only collected to
record the location of a broad and unmapped A. gracilipes population
a The area and number of presence/absence points for all 4 years, refers to the re-surveyed area delimited by the polygon in Fig. 4
b Approximately half of the absence points were inadvertently lost and are not reported here
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Land (Hoffmann 2015), but they are unlikely to have
such an important influence as they have been rarely
encountered.
Pathogens are a final factor that may cause local-
ized extinctions, and work is currently being
undertaken to determine what role, if any, pathogens
may play in these declines. Invasive species can carry
their own microorganisms and pathogens into their
new environment (Oi and Valles 2009), or pick up
novel ones in their introduced range (Espadaler et al.
2011). For example, it is now well known that
Solenopsis invicta brought several pathogens with it
to North America from its native range in South
America, and many more have been found by
surveying its native range (Oi and Valles 2009). Some
of these pathogens, such as Thelohania solenopsae,
are now being used as biocontrol agents against S.
invicta (Oi and Valles 2009). As the native range of A.
gracilipes is unknown, we are unable to survey for
potential co-evolved pathogens, but we do know that
A. gracilipes harbours potentially pathogenic fauna
throughout its range (Gruber et al. in press). It remains
unclear, however, exactly which associated fauna is
pathogenic or not, and what is from the native range or
has been transmitted to the ant within the exotic range.
Unexplained population declines such as these are key
research arenas because the declines may indicate
unhealthy populations and the presence of pathogens
(Valles et al. 2012). Declining A. gracilipes popula-
tions in Arnhem Land represent a unique opportunity
to investigate mechanisms by which a globally
significant invader declines. Identifying the drivers
and mechanisms behind such declines could have
Fig. 2 Site A showing the distribution of a continuous A.
gracilipes population surveyed in 2003 (polygons), and absence
points recorded when the site was resurveyed in 2013
(triangles). No A. gracilipes were observed in the 2013
sampling. Note that the central data gap is an inaccessible
flooded creek and bare rock face
Fig. 3 Site E showing the
A. gracilipes population as
mapped in 2008 and 2013.
The white polygon indicates
the same area on both maps
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important applications for invasive species manage-
ment worldwide.
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